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ENVIRONMENTAL  DATA 


SURVEY  OF  THE  CARGO-HANDLING 
SHOCK  AND  VIBRATION  ENVIRONMENT* 

F.  E.  Ostrem 

General  American  Research  Division 
Niles,  Illinois 


A  comprehensive  literature  survey  and  3earch  was  conducted  for  data 
and  information  applicable  to  the  cargo -handling  shock  and  vibration 
environment.  The  information  compiled  is  summarized  to  show  the 
various  forms  of  the  available  data,  where  drop  height  data  are  avail¬ 
able  they  are  presented  to  show  the  distribution  of  drop  heights  for 
particular  packages,  distribution  systems,  and  handling  operations. 
Other  information  is  also  presented  on  the  handling  environment,  such 
as  the  number  of  drops  received  per  package  per  trip,  the  distribution 
of  the  drops  over  the  faces,  edges,  and  crrners,  the  effect  of  package 
size  and  weight,  the  effect  of  the  distribution,  and  the  effect  of  labels 
and  handholds.  A  case  history  for  paper  sacss,  which  describes  the 
complete  drop  height  history  Irum  manufacturer  to  customer,  is  also 
presented. 


INTRODUCTION 

The  shock  and  vibration  environment  en¬ 
countered  by  cargo  during  shipment  can  be 
severe  enough  to  cause  damage.  This,  oi 
course,  depends  upon  the  levels  of  the  input 
motions  resulting  from  the  shipping  environ¬ 
ment  and  upon  the  fragility  rating  or  rugged¬ 
ness  of  the  cargo.  Packaging  and  design  engi¬ 
neers,  faced  with  the  problem  of  ensuring  safe 
shipment  of  their  product  or  piece  of  equip¬ 
ment,  must  have  detailed  information  concern¬ 
ing  the  shipping  environment  (and  the  fragility 
rating  of  the  cargo)  in  determining  whether  an 
item  requires  protection.  When  it  is  deter¬ 
mined  that  protection  is  required,  the  informa¬ 
tion  can  be  used  for  designing  protective  pack¬ 
aging  or  isolation  systems. 

A  comprehensive  literature  survey  and 
search  was  conducted  for  information  and  data 
describing  field  measurement  programs  of  the 
cargo- handling  shock  and  vibration  environ¬ 
ment.  Over  150  reports  and  articles  were  re¬ 
viewed,  and  over  50  agencies  and  organizations 
concerned  with  problems  of  this  nature  were 


contacted.  A  portion  of  the  information  com 
piled  is  summarized  in  this  paper. 


STATE  OF  THE  ART 

The  shipping  shock  and  vibration  environ¬ 
ment  includes  both  the  in-transit  environment 
and  the  handling  environment.  The  in-transit 
environment  includes  those  motions  resulting 
from  movement  on  transport  vehicies  (truck, 
ship,  railroad,  and  aircraft).  The  handling  en¬ 
vironment  includes  those  motions  resulting 
from  operations  such  as  physical  handling,  load¬ 
ing  and  unloading,  and  movement  within  storage 
or  warehouse  areas. 

A  summary  and  discussion  of  the  shock  and 
vibration  environment  to  which  items  arc  sub¬ 
jected  during  transportation  by  the  four  major 
modes  is  presented  in  Rei.  |1|.  In  that  study 
the  shock  and  vibration  environment  was  de¬ 
scribed  in  terms  of  cargo  floor  response,  i.e., 
input  to  the  cargo.  This  method  of  describing 
the  environment  is  adequate,  since  all  packages 
on  a  vehicle  can  be  assumed  to  be  subjected 


^-Conducted  under  contract  NAS  8-11-151  with  the  George  C.  Marshall  Spare  Flight  Center.  National 
Aeronautics  and  Space  Administration. 
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to  the  same  levels  ol  ^:.jck  and  vibration  (ap¬ 
proximately).  For  handling  operations,  this  is 
not  the  case  The  load  which  one  unit  receives 
is  independent  of  the  loads  which  others  receive 
(assuming  the  packages  are  handled  individually) , 
and  the  packages  are  only  subjected  to  the  same 
possibility  of  receiving  a  shock  of  a  given  mag¬ 
nitude.  Therefore  handling  loads  should  be 
specified  on  a  statistical  basis.  An  ideal  form 
of  data  for  specifying  handling  loads  is  a  set 
of  statistics  giv„..g  magnitudes  and  frequencies 
of  occurrence  of  shocks  for  the  various  handling 
operations  performed.  Since  the  intensity  of  the 
handling  shocks  is  influenced  by  such  factors  as 
the  distribution  system  and  the  characteristics 
of  the  package  (size,  shape,  weight),  it  would  be 
desirable  to  have  information  describing  these 
effects.  Unfortunately,  few  measurement  pro¬ 
grams  have  had  these  goals. 

In  spite  of  the  fact  that  there  is  a  great  deal 
of  interest  in  the  cargo- handling  shock  and  vi¬ 
bration  environment,  very  few  data  are  currently 
available.  One  of  the  reasons  for  the  scarcity 
of  data  is  that  accurate  self-contained  instru¬ 
mentation  capable  of  recording  (unattended)  lor 
long  periods  has  not  been  available.  Another 
reason  is  that  successful  (although  overdesigned) 
packages  have  been  shipped  by  conservatively 
estimating  the  environment. 

Some  of  the  early  approaches  to  package 
design  problems  were  (a)  field  trials,  (b)  com¬ 
parison  tests  with  proved  containers,  and  (c) 
laboratory  testing.  More  recently,  field  meas¬ 
urement  programs  have  been  conducted  in  an 
attempt  to  define  accurately  the  cargo-handling 
environment.  These  programs  have  employed 
both  observation  (visual  and  photographic)  and 
instrumentation  (instrumented  packages)  tech¬ 
niques. 


AVAILABLE  LATA 

Data  describing  cargo- handling  shock  and 
vibration  have  k  m  reported  in  various  forms. 
Depending  upon  the  instrumentation  available 
and  the  type  of  information  sought,  the  data 
have  been  reported  in  terms  of  zones  of  shock, 
peak  accelerations,  drop  heights,  or  shock 
spectra. 

Data  reported  in  terms  of  zone  of  shock 
peak  accelerations  provide  information  on  the 
relative  severity  of  the  shocks  occurring  during 
shipping  but  do  not  provide  information  on  the 
input  shock  excitation.  Data  reported  in  terms 
of  drop  height  are  considered  of  most  use  be¬ 
cause  of  (a)  the  standard  drop  height  test,  and 
(b)  the  information  provided  on  the  energy  to  be 


absorbed.  Data  reported  in  terms  of  shock  spec¬ 
tra  are  of  most  use  for  describing  the  shock  en¬ 
vironment  of  equipment  mounted  on  large  struc¬ 
tures. 

The  results  of  some  if  the  more  extensive 
measurement  programs  reporting  the  data  in 
the  above  forms  are  reviewed.  The  instrumen¬ 
tation  and/or  method  of  obtaining  the  data  are 
also  described. 


Zones  of  Shock 

The  pioneer  investigation  of  the  handling 
environment  was  conducted  by  the  National  Safe 
Transit  Committee  [2].  In  that  study,  commer¬ 
cial  impact  recorders  were  mounted  in  wooden 
boxes  and  shipped  as  ordinary  products.  The 
instrument:,  recorded  the  shocks  encountered 
during  ship  nent  by  the  displacements  of  spring- 
mass  systems.  The  spring- mass  systems  are 
linked  to  recording  pens  which  record  the  de¬ 
flections  on  a  recording  paper  driven  by  a  clock 
mechanism.  The  pen  deflections  are  recorded 
in  zones  of  shock  from  1  to  5  with  zor.e  5  rep¬ 
resenting  the  sever  sst  shock.  Figure  1  shows 
the  results  of  numerous  test  shipments  for  all 
modes  of  transportation.  The  results  point  out 
that  the  severest  environment,  regardless  of  the 
type  of  carrier  employed,  occurs  during  the 
hai.aling  operations. 


Peak  Acceleration 

Another  extensive  measurement  program 
employing  commercial  impac*  recorders  has 
been  reported  by  Packaging  Consultants  Incor¬ 
porated,  Washington,  D.  C.  [3].  In  this  study 
33  shipping  containers  of  various  shapes  and 
weights  were  fabricated  and  instrumented  with 
lmpact-O-Graphs.  The  packages  were  shipped 
via  air,  truck,  ship,  and  air  within  a  radius  of 
200  miles  of  Washington.  The  measured  field 
data  are  reported  in  te'ms  of  peak  accelerations 
(Table  1) .  Laboratory  tests  attempting  to  cor¬ 
relate  instrument  peak  acceleration  reading 
with  drop  height  showed  wide  variations. 


Drop  Height 

The  distribution  of  drop  heights  has  been 
measured  tor  particular  packages,  distribution 
systems,  and  handling  points.  Typical  data 
shown  below  are  plotted  on  log-normal  prob¬ 
ability  paper  and  present  the  statistical  prob¬ 
ability  of  a  package  receiving  a  drop  at  or 
above  the  height  indicated,  during  a  trip  or  han¬ 
dling  operation. 
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Fig.  1.  Summaries  of  National  Safe  Transit  Committee  measurement  programs 


TABLE  1 

Cargo- Handling  Field  Test  Results:  Peak  Acceleration  (g) 


C  atainer  Shape 

Container  Weight  (lb) 

Length:  Width:  Height 

Small 

(60-90) 

Medium  Small, 
Skid  Mounted 
(150-250) 

Medium, 

Skid  Mounted 
(250-500) 

Large, 

Skid  Mounted 
(500- 150C) 

Average 

(3:2:2) 

3- 144  (41) 

4-131  (31) 

3-24  (14) 

J 

3-43  (21) 

Long 

(3:1:1) 

4-50  (30) 

3-38  (20) 

Tall 

(1:1:2) 

3-76  (29) 

3-41  (22) 

3-50  (17) 

3-17  (9) 

Note.  --Data  presented  are  ranges,  followed  by  means  (in  parentheses). 


Data  for  the  plywood  box  of  Fig.  2  were  ob¬ 
tained  from  tests  conducted  by  Wright  Air  De¬ 
velopment  Center  j  4  ] .  Instrumentation  con¬ 
sisted  of  »  commercial  Impact-O-Graph  used 
in  conjunction  with  a  cubical  spring  suspension 
system.  The  purpose  of  the  spring  suspension 
system  was  control  of  the  input  to  the  recording 
instrument  so  that  the  instrument  is  independent 
of  the  type  of  surface  impacted,  i.e.,  of  com¬ 
pressibility  of  the  surface.  This  study  was  re¬ 
stricted  to  routes  involved  in  shipments  from 
one  air  material  area  to  another  via  Railway 
Express  (although  some  shipments  were  made 
via  Air  Freight).  The  data  are  based  on  49 
trips  involving  13  packages  (862  drops  were 
recorded  above  3  in.).  The  data  show  that  only 
5  percent  of  the  packages  received  drops  above 
21  in. 


Data  for  the  fiberboard  box  of  Fig.  3  were 
obtained  from  tests  conducted  by  the  Packaging 
and  Allied  Trades  Research  Association 
(PATRA),  Surrey,  England  (5].  The  PATRA 
drcp  recorder  was  used  in  this  study.  This  in¬ 
strument  consists  of  an  arrangement  of  weights 
pivoted  about  an  axis  perpendicular  to  a  record¬ 
ing  chart  and  so  arranged  that  each  is  sensitive 
to  shocks  along  one  of  the  three  sensitive  axes. 
Three  recording  pens  record  the  drops  on  oppo¬ 
site  pairs  of  faces  of  the  container.  Drops  are 
recorded  on  a  waxed  paper  chart  which  is  driven 
at  a  constant  speed.  On  impact,  the  pap*r  is  ac¬ 
celerated  by  a  shock- operated  drive.  This  sepa¬ 
rates  the  shock  traces  and  makes  it  easier  to 
read  successive  drops.  The  recorder  is  mounted 
inside  a  package  with  a  2-in.  layer  of  polyure¬ 
thane  foam  around  it.  The  results  presented  in 
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t  of  Drops  Above  Ir.lleetel  Height 

Fig.  1.  Drop  height.  -4 3 -lb  cubical  cleated  plywood  box 
(19  by  19  by  19  in.)  sent  by  Railway  Express 
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Fig.  3.  Drop  height:  Z2-lb  corrugated  fiberboard  box 
( 1 7.5  by  1  Z  by  1  1 .5  in.)  sent  by  rail  (mixed  goods) 


Fig.  3  were  obtained  from  packages  shipped  via 
railroad  in  mixed-goods  consignments.  The 
curve  is  based  on  measurements  recorded  on 
192  packages  (three  out  and  return  trips  from  a 
large  railroad  goods  depot). 

Figure  4  presents  drop  height  data  for  two 
transfer  points  at  a  large  railroad  depot.  The 
data  were  obtained  from  observational  studies 
conducted  by  the  Swedish  Packaging  Research 
Laboratory,  Stockholm,  Sweden  j  6  ] .  Seven 
handling  operations  were  observed  at  the  depot, 
which  handles  express  freight  weighing  less 
than  80  lb.  The  severest  handling  operation 
(curve  1)  consisted  of  transferring  the  packages 
from  a  conveyor  to  a  handcart.  Drop  heights 
were  observed  only  during  the  loading  of  the 
first  layer  on  the  cart  on  the  far  end.  These 
packages  received  the  highest  drops  and  oc¬ 
curred  during  5  percent  of  the  loading  time. 


A  second  handling  operation  was  observed 
in  transferring  the  packages  from  a  railroad 
car  to  a  handcart  (curve  2).  Again,  packages 
loaded  on  the  bottom  layer  received  the  highest 
drops,  and  were  the  only  ones  recorded.  These 
two  curves  demonstrate  the  effect  of  horizontal 
loading  distance  on  drop  height. 

Other  reported  PATRA  studies  include 
direct  observation  of  the  handling  operations 
associated  with  loading  and  unloading  of  a  rail¬ 
road  car  |  3  J .  The  drop  heights  recorded  during 
the  unloading  of  a  railroad  car  onto  a  pushca-t 
are  shown  in  Fig.  5  (curve  1)  and  are  based 
upon  310  observations.  The  packages  ranged  in 
weight  from  10  to  100  lb,  with  the  most  common 
weight  between  30  and  39  lb.  The  curve  shows 
that  5  percent  of  the  packages  had  drops  over 
8  in.  and  1  percent  over  16  in.  The  sorting  (ac¬ 
cording  to  destination;  of  packages  prior  to 
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Fig.  4.  Drop  height:  railroad  depot  loading  operation  —  severest  handling  operation 


loading  the  pushcart  is  shown  as  curve  2.  This 
curve  is  based  upon  113  observations.  Higher 
drops  occurred  during  this  operation,  with  5 
percent  being  dropped  over  16  in.  It  was  found 
that  one  in  three  packages  were  handled  for 
sorting,  while  all  packages  were  loaded  on  the 
cart. 

Handling  operations  where  packages  are 
thrown  result  in  higher  drops.  This  is  shown 
by  curve  3  in  which  the  unloading  from  trucks 
directly  into  railroad  cars  (walking  to  and  fro) 
was  observed.  Here  5  percent  of  the  drops 
were  over  26  in. 

Drops  occurrinr  during  two  different  sort¬ 
ing  operations  are  >hown  in  Fig.  6.  Curve  1 
applies  to  sorting  prior  to  unloading  railroad 
cars,  and  curve  2  applies  to  sorting  prior  to 
loading  a  truck.  It  can  be  seen  that  the  drop 
height  distributions  are  similar  for  the  two 
operations. 


Number  of  Drops  Received 
Per  Package 

Damage  to  packaged  items  from  drops  in¬ 
cident  to  the  handling  environment  can  be  cumu¬ 
lative.  For  packages  of  this  nature,  the  number 
of  drops  at  different  heights  which  the  package 
receives,  as  well  as  the  maximum  drop  height, 
must  be  known. 

The  number  of  drops  recorded  above  given 
heights  are  presented  in  Fig.  7  for  a  4 3- lb  con¬ 
tainer  shipped  via  Railway  Express  and  in  Fig.  8 
for  a  22- lb  container  shipped  via  rail  (mixed- 
goods  consigments). 

Other  studies  yielding  information  on  the 
number  of  drops  have  been  conducted  by  the 
Packaging  and  Allied  Trades  Research  Associa¬ 
tion  employing  the  PATRA  journey  shock  re¬ 
corders.  This  instrument  consists  of  a  spring- 
mass  system  attached  to  a  counter  unit  and 
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Fig.  5.  Drop  height,  loading  and  sorting  operation 


Fig.  6.  Drop  height 


two  sorting  operations 
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Fig.  7.  Number  of  drops:  43-lb  cleated  plywood  box 
(19  by  19  by  19  in.)  sent  by  Railway  Express 


immersed  in  oil.  Each  unit  has  unidirectional 
sensitivity  and  counts  the  number  of  drops 
above  a  preset  height  on  a  given  face  of  the 
package.  By  using  a  number  of  counters,  which 
cover  the  different  faces  and  are  set  to  record 
at  different  heights,  the  drops  can  be  estimated 
betweem  the  heights  set  for  the  different  count¬ 
ers.  This  instrument  is  also  packed  with  a  2-in 
layer  of  cushioning  around  the  recorders.  The 
cushioning  makes  the  acceleration  pulse  acting 
on  the  recorder  independent  of  the  compressi¬ 
bility  of  the  surface  on  which  the  package  is 
dropped.  Thus  the  response  of  the  recorder  is 
primarily  a  function  of  drop  height  and  second¬ 
arily  oi  the  angle  of  the  package  on  impact. 

Results  of  tests  conducted  with  these  in¬ 
struments  are  shown  in  Fig.  9  for  passenger 
train  shipments  and  in  Fig.  10  for  mixed-goods 
railroad  shipments.  Twenty-four  packages 
were  shipped  over  six  different  routes  (144 
package-trips). 


Effect  of  Distribution  System 

The  distribution  system  influences  the  drops 
received  by  packages.  Shown  in  Tables  2-4  are 
the  mean  numbers  of  drops  received  per  package 
for  rail,  road,  and  overseas  shipments.  These 
data  show  that  52-lb  packages  shipped  by  passen¬ 
ger  train  are  exposed  to  the  severest  handling, 
followed  by  truck  and  mixed-goods  rail  ship¬ 
ments. 

The  effect  of  mixed-goods  consignments 
via  railroad  as  opposed  to  full  container  loads 
is  shown  in  Fig.  11  ( 7  ] .  These  data  are  based 
upon  six  shipments  of  four  instrumented  pack¬ 
ages.  The  outgoing  shipment  was  in  packages 
in  full-load  consignments  and  the  return  ship¬ 
ment  was  as  mixed  goods.  These-  results  show 
that  mixed-goods  shipments  received  on  the 
average  more  severe  handling  than  full- load 
consignments.  It  further  shows  that  the  handling 
received  by  individual  packages  is  variable  and 
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t  cf  Hav'.rg  %t  lea:»  V.  Drops  Above  Hei*?h*.  Indicated 

Fig.  9.  Number  of  drops:  52-lb  fiberboard  box 
(17  by  12  by  13  in.)  sent  by  rail  (mixed  goods) 


Fig.  10.  Number  of  drops.  52-lb  fiberboard  box 
(17  by  12  by  13  in.)  sent  by  passenger  train 


10 


Fig.  11.  Variability  in  handling  of 
cases:  railroad  shipment 


TABLE  3 

Effect  of  Distribution  System 


Drop 

Height 

(in.) 

Mean  Number  of  Drops  per 

Trip  per  Package 

Rail 

(Pas¬ 

senger)3 

Rail 

(Mixed 

Goods)3 

Railway 

Express13 

Over  6 

5.7 

4.6 

11.5 

12 

1.8 

1.5 

4.9 

18 

0.7 

0.6 

1.6 

24 

0.34 

0.24 

0.52 

30 

0.13 

0.10 

36 

_ 

0.06 

0.03 

0.01 

a22-lb  package,  17.5  by  12  by  11.5  in. 
b43-lb  package,  19  by  19  by  19  in. 


that  misleading  information  can  result  if  only  a 
few  packages  are  monitored. 

The  mean  number  of  drops  received  in 
overseas  shipments  |  5)  is  much  lower  than  the 
other  distribution  systems.  This  results  in 
part  from  the  weights  of  the  packages  shipped. 
Results  of  a  series  of  overseas  shipments  are 


TABLE  4 

Effect  of  Distribution  System: 
Overseas  Shipment 


Drop 

Height 

(in.) 

Mean  Number  ol  Drops  per 

Trip  per  Package 

80-lb 

Pkg 

150- lb 
Pkg 

250-lb 

Pkg 

500- lb 
Pkg 

800- lb 
Pkg 

Over  6 

1.4 

2.3 

0.45 

0.23 

1.9 

9 

NR 

NR 

0.22 

0.25 

0.083 

12 

0.43 

0.47 

NR 

0,104 

0 

18 

NR 

NR 

o.on 

0 

0 

24 

0.11 

0.012 

0 

NR 

NR 

36 

0.0 

NR 

NR 

NR 

NR 

Note.  —  NR  =  not  re>  ordcd. 


shown  in  Table  5.  The  shipments  were  from  the 
United  Kingdom  to  Cyprus  to  Aden  to  Bahrein  to 
Aden  to  Cyprus  to  the  United  Kingdom.  Crane 
operations  and  off  loadings  from  ships  to  lighters 
were  involved.  It  can  be  seen  from  these  results 
that  as  the  weight  of  the  package  increases,  the 
maximum  drop  height  decreases. 


TABLE  5 

Mean  Number  of  Drops  Recorded  in 
Overseas  Shipments 


Package 

Weight 

(lb) 

Number 

of 

Package 

Trips 

Drop  Height  (in.) 

6 

— 

9 

12 

18 

24 

36 

80 

72 

122 

NR 

31 

NR 

8 

0 

150 

84 

194 

NR 

40 

NR 

1 

NR 

250 

6~ 

27 

13 

NR 

1 

0 

NR 

500 

48 

11 

12 

5 

0 

NR 

NR 

800 

_ 

24 

46j 

2 

0 

0 

NR 

NR 

Note.  —  NR  =  not  recorded. 


Distribution  of  Drops  Over  Faces 

The  distribution  of  drops  over  the  faces  of 
packages  has  been  determined  in  most  studies 
|  5).  Table  6  is  a  listing  of  the  reported  dis¬ 
tributions.  Although  these  results  apply  to  a 
limited  range  of  package  sizes,  weights,  and 
distribution  systems,  the  results  indicate  a 
general  trend.  That  is,  few  drops  are  recorded 
on  the  top  of  a  package  (10  percent  with  the  re¬ 
maining  drops  divided  approximately  equally 
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TABLE  6 

Distribution  of  Handling  Drops  over  Package  Faces 


Package 

52-lb  Package  (17  by  13  by  12  in.) 

_ 

22- lb  Package 
(17.5  by  12  by  11.5  in.) 

Face 

Rail 

(Mixed  Goods) 

Rail 

(Passenger) 

Road 

Rail 

(Mixed  Goods) 

Rail 

(Passenger) 

Top 

5% 

3% 

5% 

9% 

8% 

Bottom 

52% 

77% 

44% 

45% 

43% 

Sides 

43% 

20% 

51% 

49% 

49% 

between  the  bottom  and  sides.  These  results 
would  not  apply  to  very  large  containers  where 
drops  would  occur  more  frequently  on  the  base. 


Angle  of  Impact 

The  angle  of  the  package  at  the  instant  it 
strikes  the  ground  depends  on  the  type  of  han¬ 
dling  operation.  Typical  data  are  shown  in 
Table  7.  In  loading  and  stacking  it  is  reported 
that  the  lower  drops  are  at  a  slight  angle  [5]. 
Usually  one  edge  is  lowered  near  the  stack  and 
then  the  case  dropped.  The  higher  drops  are 
closer  to  being  flat  (to  prevent  toppling).  More 
corner  and  edge  drops  are  received  by  pack¬ 
ages  which  are  thrown.  Edge  and  corner  drops 
are  defined  as  those  with  the  impact  face  angled 
at  more  than  10  deg  to  the  ground.  The  results 
indicate  that  no  more  than  25  percent  of  the 
total  drops  received  by  a  package  are  angle 
drops. 


TABLE  7 

Distribution  of  Impact  Angles 
during  Handling  Operations 


Effect  of  Handholds 

The  effect  of  handholds  on  packages  sent  by 
passenger  train  is  shown  in  Table  8.  In  this 
program  |  5]  a  number  of  packages  (52  lb, 


17  by  12  by  13  in.)  were  fitted  with  handholds  on 
the  ends  and  shipped  in  pairs.  The  results 
showed  a  significant  reduction  in  the  number 
of  drops,  with  greater  difference  in  drops  over 
12  in.:  the  overal  reduction  was  17  percent, 
whereas  drops  over  12  in.  were  reduced  by  33 
percent.  One  reas  n  stated  for  the  reduction  is 
that  use  of  the  handholds  allows  the  case  to  be 
carried  about  10  in.  lower. 


TABLE  8 

Effect  of  Handholds  on  Drop  Height 


Drop  Height 
(in.) 

Without 

Handholds 

With 

Handholds 

Percentage  of  Total  Drops  Recorded 

Over  6 

100 

100 

12 

30.5 

24.4 

18 

9.4 

7.2 

24 

3.7 

1.8 

Number  of  Drops  Recorded 

6-11 

555 

501 

12-17 

168 

114 

18-23 

45 

36 

24  and  over 

30 

12 

Total 

709 

773 

Effect  of  Labels 

Labels  on  packages  influence  the  manner 
in  which  they  are  handled.  Investigations  con¬ 
ducted  by  PATRA  |  5]  have  shown  that  the  posi¬ 
tion  of  the  address  labels  affects  the  handling. 
For  example,  address  labels  affixed  to  the  top 
of  packages  tend  to  be  handled  with  the  lable  on 
the  top,  i.e.,  face  up.  In  the  studies  conducted, 
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50  to  60  percent  of  alt  drops  occurred  on  the 
face  opposite  the  label  (designated  th*>  base) . 

The  effect  of  warning  labels  such  as  Handle 
With  Care  and  This  Side  Up  was  studied  on 
packages  shipped  by  railroad.  The  results  in¬ 
dicated  a  greater  portion  of  base  drops  and 
lower  drops  in  general.  The  overall  effect, 
however,  was  small.  One  reason  for  the  small 
influence  of  warning  labels  is  that  they  are  cur¬ 
rently  misused.  Warning  labels  can  be  applied 
by  shippers  to  a.iy  package.  Further,  the  car¬ 
riers  load  their  vehicles  to  their  advantage  to 
attain  the  maximum  payload.  This  can  result  in 
almost  any  orientation  of  the  package. 


Effect  of  Package  Weight 

The  effect  of  package  weight  on  drop  height 
is  shown  in  Fig.  12.  The  data  used  in  construct¬ 
ing  this  plot  were  obtained  from  observational 
studies  at  a  large  railroad  goods  depot  j  6] .  The 
data  represent  the  severest  handling  operation 
at  the  depot  (loading  a  handcart  from  a  con¬ 
veyor).  Only  fiberboard  boxes  less  than  80  lb 
were  handled.  The  maximum  drop  height  re¬ 
corded  was  24  in.  The  data  show  that  heavier 
packages  are  dropped  from  lower  heights. 


For  the  packages  studied,  drop  height  was 
related  to  package  weight  by  the  following: 

Drop  Height  =  22  -  0.18W,  where  drop 
height  is  in  inches  arid  W  is  in  pounds. 

In  another  study  j  5)  in  wh.ch  packages 
were  unloaded  from  trucks,  the  mean  drop 
height  was  related  to  package  weight  by  the 
following: 

Drop  Height  =  17.1  -  0.26W. 

This  relationship  is  based  upon  measurements 
of  71  packages  between  20  and  75  lb. 

The  effect  of  package  weight  on  drop  height 
for  very  large  containers  can  be  noted  from 
the  test  results  of  overseas  shipments  (Table  5). 
Maximum  drop  height  for  80- lb  containers  was 
24  in.,  while  the  maximum  drop  height  recorded 
for  800- lb  containers  was  9  in. 


Effect  of  Package-  Size 

The  effect  of  package  height  on  drop  height 
is  shown  in  Fig.  13.  These  results  apply  to  the 
same  loading  operation  described  for  determining 


of  Tn-kw.-e  (\ 

Fig.  1/.  Drop  bright  vs  p.u  kugt  weight 
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Fig.  13.  Drop  height  v*  package  height 


the  effect  of  package  weight,  i.e.,  unloading 
packages  from  a  conveyor  onto  a  handcart. 
Again,  the  maximum  recorded  drop  height  was 
24  in.  For  this  loading  operation,  the  drop 
height  is  related  to  package  height  by  the  fol¬ 
lowing: 

Drop  Height  =  25.5  -  H,  where  drop  height 
is  in  inches  and  H  is  package  height  in  inches. 

As  expected,  the  drop  height  decreases  with 
increasing  package  height. 


Case  History 

A  study  of  a  product  packed  in  paper  sacks 
has  been  reported  by  PATRA.  It  illustrates  a 
program  to  determine  the  drop  height  history 
over  a  complete  trip  from  manufacturer  to  cus¬ 
tomer  [  5  j .  The  data  were  obtained  by  system¬ 
atic  observation  of  all  stages  in  the  manufac¬ 
turing  plant  and  distribution  system. 

The  particular  product  line  investigated  was 
the  packing  of  chemicals  in  112- lb  sacks.  The 
distribution  system  consisted  of  shipments  sent 
to  the  customer  by  truck  in  either  palletized  or 
unpalletized  loads. 


The  results  showed  that  in  most  of  the  han¬ 
dling  operations  observed,  there  was  an  upper 
limit  to  the  drop  height  as  a  result  of  the  method 
of  carrying  the  sack,  the  sack  weight,  and  the 
height  of  the  impact  surface.  This  was  reflected 
in  a  leveling  off  of  the  drop  height  curves  at 
higher  drop  heights.  This  fact  should  be  remem¬ 
bered  when  attempting  to  extrapolate  any  data 
to  an  upper  limit.  The  drops  received  at  the 
different  operations  arc  shown  in  Table  9.  The 
number  of  observations  recorded,  the  maximum 
drop  height,  and  the  height  of  drop  exceeded  by 
various  percentages  of  the  sacks  from  5  to  90 
percent  are  tabulated. 


Shock  Spectra 

High-cost  research  items  such  as  missiles 
and  spacecraft  are  usually  monitored  through 
all  phases  of  transportation.  Once  the  normal 
environment  has  been  determined,  measure¬ 
ments  continue  only  to  monitor  the  loads  during 
accidents.  The  shock  and  vibration  environ¬ 
ment  on  large  equipment  is  generally  monitored 
by  accelerometers  mounted  at  various  equip¬ 
ment  locations.  Recordings  are  made  either  in¬ 
termittently  or  continuously  during  the  shipment 
(in- transit  and  transfer  operations).  The  data 
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TABLE  9 

Summary  of  Drops  Received  in  Different  Operations.  112- lb  Sacks 
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aA  =  arithmetic  height  scale;  L.  logarithmic  height  scale. 

=  number  of  observations. 

cM.ax  maximum  height  observed.  5.90%  =  percentage  of  sacks  receiving  drops  at  or  above  heights  given  in  table. 
dB  butt,  F  face 


1C 


Fig.  !4.  Shock  spectrum  of  hanc-ling  shock: 
3-m.  drop  of  Saturn  rocket  stage 


are  reviewed  and,  where  significant  levels  are 
produced,  shock  spectra  are  computed.  Typical 
of  these  is  the  shock  spectrum  shown  in  Fig.  14. 
It  was  computed  from  data  recorded  during  a 
transfer  operation  of  the  Saturn  rocket  stage. 
The  shock  was  produced  when  the  forward  end 
of  the  stage  dropped  front  a  height  of  3  in.  The 
plot  envelops  the  shock  spectrum  at  four  loca¬ 
tions  on  the  rocket.  This  form  of  data  gives  the 
maximum  dynamic  acceleration  response  which 
can  be  expected  by  components  mounted  at  the 
instrument  locations. 


CONCLUSIONS  AND 
RECOMMENDATIONS 

The  severest  shock  environment  encoun¬ 
tered  by  cargo  being  shipped  occurs  during 
handling  operations.  Data  are  insufficient  at 
present  to  describe  accurately  the  handling 
shock  environment  for  any  given  package  and 
distribution  system. 


The  number  of  drops  received  by  a  pack¬ 
age  is  highly  variable.  Very  misleading  infor¬ 
mation  can  be  obtained  from  measurements 
recorded  on  a  few  packages.  The  maximum 
shocks  incident  to  the  handling  environment 
occur  so  infrequently  that  it  is  uneconomical  to 
cesign  a  package  to  protect  it  against  these  ac¬ 
cidents  unless  very  costly  items  are  involved. 

The  drops  received  by  a  package  comprise 
a  large  number  ol  small  drops  and  relatively 
few  higher  drops.  Most  packages  receive  only 
one  drop  at  the  higher  ievels;  very  few  have 
more  than  two.  Therefore  it  would  be  very 
easy  to  overtest  a  package  when  applying  the 
higher  drop  heights  to  the  various  corners, 
edges,  and  faces. 

There  is  a  great  deal  of  interest  in  the 
cargo  handling  environment,  and  many  organ¬ 
izations  have  reported  measurement  programs 
in  progress  or  being  planned.  Instruments  are 
currently  being  developed  by  a  number  of  organ¬ 
izations  and  should  provide  excellent  tools  for 
future  cargo-handling  measurement  programs. 
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DISCUSSION 


Mr.  Gertel  (Allied  Research  Assoc.):  I  just 
wanted  to  make  an  observation  of  some  of  the 
data  presented.  I  was  particularly  interested  in 
the  statistics  on  flat  drops  vs  edge  or  corner 
drops.  One  o'  the  tables  showed  a  relatively 
very  small  percentage  was  corner  drops  and 
edge  drops.  From  a  practical  point  of  view,  if 
anybody  has  ever  tried  to  make  any  drop  tests, 
you  will  find  that  only  with  extreme  care  can 
you  even  make  a  flat  drop.  I  would  be  inclined 
to  think  that  in  service  where  the  conditions  are 
random,  the  majority  of  drops  should  have  been 
edge  or  corner  contacts. 

Mr.  Ostrem:  These  data  were  obtained  by 
observational  studies  and  there  could  be  an 


error.  It  shouldn't  be  more  than  10  deg  either 
way,  I  would  assume. 

Mr.  Sandler  iControl  Data  Corp.):  Do  you 
have  any  information  on  what  the  effect  is  of 
the  FRAGILE  or  other  stickers? 

Mr.  Ostrem:  This  was  investigated  by 
PATRA  and  they  have  found  that  in  general  a 
slightly  lower  drop  height  is  encoun  ered. 
However,  a  large  sampling  is  needed  to  show 
any  effect,  and  this  is  one  of  the  reasons  why 
they  concluded  that  the  labels  are  misused. 
Any  shipper  can  put  a  label  on  anything,  so  it 
does  not  have  much  effect. 
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A  NEW  LOOK  AT  TRANSPORTATION 
VIBRATION  STATISTICS* 


John  W.  Schlue  and  William  D.  Phelps 
Jet  Propulsion  Laboratory 
Pasadena,  California 


Amplitude  statistics  of  vibration  data  measured  on  the  floor 
of  air-ride  suspension  vans  and  airplanes  are  presented  in 
this  report.  Power  spectral  density  plots  of  the  vibration 
are  also  included.  Evidence  supporting  the  qualification  of 
vans  prior  to  their  use  is  shown  and  discussed. 


INTRODUCTION 

It  has  been  a  requirement  at  JPL  that  all 
vehicles  transporting  Right  spacecraft  be  in¬ 
strumented  for  shock  am?  vibration  measure¬ 
ments.  Data  from  air-ride  truck  vans  are 
presented  elsewhere  [l].  This  paper  presents 
additional  information  on  the  dynamic  environ¬ 
ment  of  spacecraft  transportation  in  truck  vans 
and  aircraft. 

Amplitude  statistics  relating  peak  g  levels 
to  trip  duration  are  presented  for  air -ride  sus  ¬ 
pension  vans  and  two  different  airplanes.  This 
information  is  intended  for  the  engineer  con¬ 
cerned  with  equipment  fatigue  resulting  from 
exposure  to  transportation  vibration. 

A  need  for  air-ride  van  qualification  tests 
prior  to  their  use  in  shipping  electronic  equip¬ 
ment  is  discussed.  Data  justifying  qualification 
tests  are  presented.  Knowledge  of  the  dynamic 
characteristics  of  a  van  prior  to  its  use  may 
avoid  an  adverse  dynamic  environment. 


MODES  OF  TRANSPORTATION 

Spacecraft  systems  under  management  or 
cognizance  of  JPL  are  transported  by  air -ride 
vans  or  aircraft.  In  most  cases  the  transpor¬ 
tation  involves  a  cross-country  trip  from 
California  to  Florida.  A  typical  trip  duration 
via  truck  is  90  hr,  whereas  this  time  is  com¬ 
monly  reduced  to  8  hr  by  airplane.  In  every 
instance  the  truck  van  has  been  equipped  with 


a  tandem  axle  system  employing  an  air  bag 
suspension. 

Three  different  airplanes  have  transported 
the  spacecraft.  The  data  contained  in  this  re¬ 
port  cover  two  of  these,  the  C-133  and  C-130. 
The  magnetic  tapes  from  the  third  airplane,  the 
Super  Guppv,  were  not  available  for  analysis. 
The  C-130  and  C-i22  are  propeller-driven 
commercial  aircraft. 


INSTRUMENTATION 

Piezoelectric  accelerometers  measured 
the  shock  and  vibration  levels  at  two  sptcUic 
points.  The  first  point  was  the  vehicle  floor, 
and  the  second  was  the  input  to  the  spacecraft 
at  the  spacecraft-transport  fixture  attachments. 
The  accelerometer  signals  were  amplified  by 
charge  amplifiers  and  FM  recorded  with  a 
magnetic  tape  recorder  designed  for  this  type 
( f  application.  The  record  speed  was  generally 
i  -7/8  ips  giving  a  flat  frequency  response  to 
325  Hz.  The  recorder  was  operated  with  dc  or 
ac  power,  depending  on  the  availability  of  ac 
power.  Figure  1  shows  a  typical  instrumenta¬ 
tion  setup. 

The  final  section  of  this  report  indicates 
the  desirability  of  real-time  monitoring  capa¬ 
bilities.  Associated  instrumentation  is  de¬ 
scribed  in  this  discussion.  Experience  at  JPL 
with  real-time  monitoring  instrumentatu.  is 
limited,  although  a  few  spacecraft  shipments 
were  equipped  with  an  audio  warning  device. 


*This  paper  presents  the  results  of  one  phase  of  research  carried  out  under  Contract  NAS  7-100 
from  the  National  Aeronautics  and  Space  Administration. 
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Fig.  1.  Instrumentation  for  recording  shock  and  vibration  data 


Oscilloscopes  and  rms  voltmeters  were 
used  to  check  the  accelerometer  systems  and 
to  qualify  the  van  prior  to  shipping. 


DATA  ANALYSIS  TECHNIQUES 

This  section  briefly  describes  the  analysis 
procedures  applied  at  JPL  to  produce  the  data 
plots  and  amplitude  distribution  information  in 
this  report.  The  power  spectral  density  (PSD) 
program  analyzes  data  samples  selected  from 
time-coded  oscillograms  of  the  vibration  data. 
The  amplitude  distribution  program  analyzes 
all  data.  The  computer  analyses  are  required 
since  the  vibration  environment  of  transporta¬ 
tion  vehicles  is  random. 


Power  Spectral  Density  Plots 

The  PSD  program  is  digital  and  requires 
an  analog  to  digital  conversion  of  the  recorded 
data.  The  program  computes  the  PSD  of  the 
selected  sample  length,  making  use  of  the  fast 
Fourier  transform  (Cooley-Tukey)  computation 
technique.  The  plots  in  this  report  were  pro¬ 
duced  with  this  program.  The  reference  is 
0  db  =  1  g  2/Hz. 

The  resolution  of  the  plots  is  dictated  by 
the  user  of  the  plotted  data.  A  fine  resolution 


is  required  to  plot  sharp  peaks  in  the  low  fre¬ 
quencies.  A  resolution  of  0.244  is  used  here  to 
present  vibration  spectral  shapes  below  30  Hz 
or  so  Plots  with  resolutions  of  2.44  and  4.88 
are  included  to  show  higher  frequency  response. 

The  rms  g  level  of  each  plot  calculated  by 
the  computer  is  the  square  root  of  the  area  un¬ 
der  the  curve.  The  degrees  of  freedom  (DOF) 
indicated  on  each  plot  is  the  sample  period 
times  twice  the  bandwidth. 

Amplitude  Distribution  Data 

This  program  does  not  correlate  ampli¬ 
tudes  with  frequency  but  rather  with  time  du¬ 
ration.  Each  analog  tape  is  played  back  at  a 
speed  of  60  ips  and  digitized  at  10,000  samples 
per  second.  This  is  an  effective  sample  rate  of 
over  310  samples  per  second.  The  digital  tape 
is  read  by  the  computer  which  records  a  count 
each  time  a  data  point  exceeds  a  preset  accel¬ 
eration  level.  Four  levels  are  monitored  con¬ 
currently.  The  total  number  of  counts  for  each 
level  and  the  total  number  of  sampling  counts 
for  each  tape  are  multiplied  by  the  sample  rate 
and  typed  out  by  the  computer.  The  time  re¬ 
quired  to  digitize  is  1/32  the  data  period,  and 
the  analysis  time  is  three  times  the  digitizing 
time.  Since  the  analysis  time  is  dependent  on 
the  computer  capabilities,  this  time  could  be 
decreased  with  a  larger  computer. 
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PRESENTATION  OF  DATA 

Contained  in  this  section  are  selected  data 
from  both  air-ride  vans  and  airplanes.  Since 
Ref.  1  discusses  in  detail  the  normal  charac¬ 
teristics  of  air -ride  van  vibration,  the  van  data 
review  here  concentrates  on  vibration  differ¬ 
ences  that  are  possible  from  one  van  to  another. 

Truck  Van 

Two  sets  of  data  are  presented  from  the 
air-ride  vans.  Each  set  is  displayed  in  the 
form  of  PSD  plots  and  amplitude  statistics. 

Power  Spectral  Density  Plots  —  Figures  2 
through  7  show  PSD  plots  of  data  measured  in 
three  axes  on  a  van  floor.  For  identification 
this  van  is  referred  to  as  van  A.  The  lateral 
axis  is  perpendicular  to  the  van  sides,  the  lon¬ 
gitudinal  is  parallel  with  the  van  sides,  and  tne 
vertical  axis  is  normal  to  the  van  floor. 

These  plots  have  resolutions  of  0.24  and 
2.4  cycles  to  show  clearly  the  low-  and  high- 
frequency  vibration  characteristics.  The 
0.24-cycle  resolution  plots  indicate  a  common 
trait  of  air-ride  suspension  vans  — the  low- 
frequency  peak  response  between  10  and  20  Hz. 


These  plots  may  be  compared  with  data  pre¬ 
sented  in  Ref.  1.  A  trait  less  common  with 
air-ride  vans  is  demonstrated  in  the  2.4-cycle 
plots,  however.  These  plots  indicate  significant 
amplitudes  al  frequencies  out  to  600  Hz.  A 
comparison  of  the  rms  g  levels  for  the  narrow- 
band  and  wideband  plots  of  Figs.  2  and  5  indi¬ 
cates  the  narrow-band  rms  value  to  be  only 
5.4  percent  of  the  wideband  rms  level.  (This 
percentage  calculation  assumes  stationarity 
of  data.) 

The  high-frequency  content  may  present  a 
fatigue  problem  to  electronic  or  other  equip¬ 
ment  sensitive  to  vibration  in  the  40-600  Hz 
range.  Evaluation  tests  to  determine  van  char¬ 
acteristics  are  discussed  later. 

Figures  3  and  4  demonstrate  significant 
excitation  in  the  lateral  and  longitudinal  axes 
also.  All  three  axes  contain  high-frequency 
energy  as  well  as  peak  responses  below  20  Hz. 

Figures  8  through  13  are  PSD  plots  of  data 
measured  in  another  van.  van  B.  in  the  same 
three  axes  as  the  previous  set  of  plots.  These 
plots  also  have  resolutions  of  0.24  and  2.4  cycles. 


ACCELERATION  SPECTRA;  DENSITY 
VAN  A  TIME  0.000  TO  9.830  SEC 

VAN  FLOOR  -  VERTICAL  AXIS  s  IMPS  SEC  5000 

RESOLUTION  2.44t  ■.<;  GS  1.90479 

vOF  4,1.000 


F’lg.  i.  PSD  plot  for  vertical  axis-  of  van  A  floor:  ri  solution, 
<1.44  1;  time,  U.UUU-9.S30  sic;  samples  per  second,  Suuo; 
rms  g,  1.90479;  DOF,  48.000 
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ACCELERATION  SPECTRAL  OENSITr 
VAN  A  TIME  0.00010  9.83C  SEC 

VAN  ELOOR  •  LONGI'UDlNAl  AXIS  SAMSS/SEC  5000 

RESOLUTION  E.«AI  RM5  GS  0. 41524 

OOf  *8,000 

Fig.  4.  PSD  plot  for  longitudinal  axis  of  van  A  floor: 
resolution,  2,441;  time,  0.000-9,830  sec;  samples  per 
second,  5000;  rms  g,  0.41524;  DOF,  48,000 
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ACCELERATION  SPECTRAL  OENSlTY 
VAN  A  TIME  0.000  TO  49. 1 $2  SEC 

VAN  FLOOR  -  LONGITUDINAL  AXIS  SAMPS/SEC  S00 

RESOLUTION  C. 244  RMS  GS  0.06553 

DOf  24.000 

Fig.  7.  PSD  plot  for  longitudinal  axis  of  van  A  floor: 
lesolution,  0.244;  time,  0.000-49.152  sec;  samples  per 
second,  500;  rms  g,  0.06553;  DOF,  24.000 


'KOiX’Cr  C n 

ACCELERATION  SPECTRAL  DENSITY 

VANS  TIME  0.300  10  V.B30  SEC 


van  floor  -  vertical  a  ms  sampssec  sooo 

RESOLUTION  2  44i  RMS  GS  0.  W405 

DOF  4* .  000 

Fig.  k.  PSD  plot  for  vertical  axis  of  van  B  floor:  resolution, 
2.441;  time,  (J.000-*>.K  SO  4fc ;  samples  per  second,  5000; 
rms  g,  0.1OJ05;  DOF,  4H.000 


acceleratin’ £{*CTRal  density 

VAN  l  Ttwf  a.  ono  10  *»  152  SEC 

VAN  flOO*  •  VEYTICAL  AXIS  SAMPS /SEC  SOO 

•ESCXU'ION  0  244  «M5  GS  0  04426 

OOF  24.000 


Fig,  11.  PSD  plot  for  vertical  axi  =  of  van  B  floor:  resolution, 
0.244;  time  0.000-49.152  sec;  samples  per  second,  500; 
rim  g,  0.09426;  DOF,  24.000 


ACCELERATION  SPECTRAL  DENSITY, 

VAN  t  TIME  Q.OOCTO  :»  152  SEC 

VAN  floor  -  LATEKAl  AXIS  SAMPS,  SEC  500 

TESOl'JTION  0.244  HMSGS  0.05400 

DOF  24,  000 


Fig.  12.  PSD  plot  for  lateral  axis  of  van  B  floor:  resolution, 
0.244;  lime,  0.000-49.152  sec;  samples  per  second,  500; 
rms  g,  0.05400;  DOF,  24.000 
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ACCELERATION  SPECTRAL  OENSi  t» 


VAN  »  TIME  0  000  TO  49.152  S£C 

VAN  FLOOl  -  lONGITUOINAl  AXIS  SAMASAEC  500 

•ESOUPION  0  244  OrfS  GS  0  05549 

DOT  24  000 


Fig.  13.  PSD  plot  for  longitudinal  axis  of  van  B  floor: 
resolution,  0.244;  time,  0.000-49.152  sec;  samples  per 
second,  500;  rms  g,  0.05549;  DOF,  24.000 


The  wideband  resolution  plots  (Figs.  8  characteristics.  Experience  at  JPL  has  shown 

through  10)  indicate  the  vibration  amplitudes  to  that  these  differences  are  definitely  not  attrib- 
be  negligible  above  40  Hz  in  all  three  axes.  utable  to  the  inherent  design  features  of  various 

The  low-frequency  peak  response  occurs  at  the  models  or  makes  of  air-ride  suspension  sys- 

same  frequency  in  all  three  axes,  although  the  terns,  but  rather  they  are  probably  a  function  of 

peak  amplitudes  are  lower  \n  the  lateral  and  the  condition  of  the  systems.  A  van  with  high- 

longitudinal  axes  than  in  the  vertical.  frequency  excitation  was  modified,  and  it  per¬ 

formed  nominally  with  negligible  vibration 

Two  important  differences  in  vibration  ex-  above  40  Hz.  Table  1  compares  the  rms  levels 

citation  are  apparent  between  these  vans.  of  the  PSD  plots  from  the  two  vans.  These  are 

First,  the  high-frequency  energy  existing  in  the  maximum  rms  levels  noted  from  the  data  sam- 

van  A  set  of  data  is  nonexistent  in  the  latter  pies  studied, 

set.  Second,  the  indication  of  significant  exci¬ 
tation  in  the  nonvertical  axes  is  not  evident  in  Amplitude  Statistics  —  Tables  2  and  3  con- 

the  van  B  data  discussed,  in  spite  of  the  fact  tain  the  amplitude  statistics  for  the  two  vans  A 

that  both  vans  had  air-ride  suspension  systems,  and  B.  These  tables  indicate  the  percentage  ol 

these  differences  did  exist  in  their  vibration  time  that  specified  peak  g  levels  were  exceeded 

TABLE  1 


Comparison  of  rms  Acceleration  Levels  Fcr  Two  Air-Ride  Suspension  Vans 


TABLE  2 

Van  A  Amplitude  Statistics  (High-Frequency  Excitation) 


Percentage  of  Time  Exceeaec. 

Amplitude 

Reel  1 

Reel  5 

Reel  9 

Reel  19 

(peak  g) 

(3.2  hr)a 

(4.1  hr)* 

_ 

(3.6  hr)* 

(3.9  hr)* 

Vert 

Lat 

_ 

Vert 

Lat 

Vert 

Lat 

Vert 

Lat 

0.25 

38 

13 

17 

8 

r  “  "  — 

25 

1C 

42 

23 

0.50 

11 

5 

12 

4 

20 

8 

23 

9 

0.75 

8 

3 

9 

3 

16 

3 

16 

6 

1.00 

6 

2 

7 

2 

13 

2 

12 

4 

1.25 

10 

2 

1.50 

» 

1.6 

1.75 

ma 

1 

2.00 

■ . 

0.7 

aData  time  per  reel. 


on  the  van  floor.  Table  2  gives  evidence  that 
higher  g  levels  were  exceeded  a  much  greater 
percentage  of  time  in  van  A  than  in  van  B.  The 
levels  are  extended  to  2.0  g  peak  for  reel  19  to 
give  an  indication  of  the  maximum  amplitudes 
produced.  The  data  reels  included  in  the  tables 
are  a  typical  representation  of  the  amplitude 
statistics  for  a  normal  cross-country  trip. 


Airplane 


Power  Spectral  Density  Plots  —  Figures  14 
through  16  contain  the  PSD  plots  of  vibration 
data  measured  on  the  floor  of  a  C-130  airplane. 
Three  axes  of  measurements  are  represented 
in  the  plots:  longitudinal,  lateral,  and  vertical. 
The  data  were  plotted  with  a  resolution  of  4.38 
cycles.  The  data  are  from  the  same  time  sam¬ 
ple  and  represent  the  maximum  amplitude  sta¬ 
tionary  vibration  data  noted  on  the  oscillograph 
playback.  The  vibration  was  generated  at 
takeoff. 


Airplane  data  have  been  analyzed  in  the 
same  formats  as  the  van  data.  Data  from 
C-130  and  C-133  airplanes,  presented  in  this 
section,  were  derived  from  two  spacecraft 
shipments  to  Cape  Kennedy  from  California. 
The  instrumentation  was  the  same  for  airplane 
transportation  as  it  was  for  the  truck  vans. 


The  maximum  wideband  rms  value  is  0.65  g 
rros  in  the  vertical  axis  data  of  Fig.  14.  The 
predominant  frequency  in  this  axis  is  about  68 
Hz.  The  peak  rms  value  at  68  Hz  is  between 
0.15  and  0.30  g  rms  and  could  be  as  high  as  50 
percent  of  the  wideband  value.  It  should  be 
noted  that  the  peak  frequency  of  68  Hz  also 


TABLE  3 

Van  B  Amplitude  Statistics  (No  High-Frequency  Excitation) 


Amplitude 
(peak  g) 

Percentage  of  Time  Exceeded 

Reel  3  (4.1  hr)a 

Reel  5  (4.1  hr)a 

Reel  11  (3.9  hr)a 

Vert 

Lat 

Vert 

Lat 

Vert 

Lat 

0.25 

47 

42 

47 

58  ~~ 

45 

56 

0.50 

0.3 

0 

0 

5 

0 

0.75 

0 

0 

0 

0 

1.00 

0 

J 

0 

0 

0 

0 

_ 

0 
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4 1C-  C*»  £  *  -  *  Zi  *»S  r w 

C  -  t»  PLANE  flCO«  -  VERTICAL  AXIS  TIME  O.OOC  !C  9.630  3tC 

resolution  4,8 p:  sav.-ps  sec  sooc 

RV5  GS  64640 
SCf  96.0^ 

Fig.  14.  PSD  plot  for  vertical  axis  r  f  C-130  plane  floor, 
resolution,  4.883;  tin.e,  0.000-9.830  sec;  samples  per 
second,  5000;  rms  g,  0.64640;  DOF,  96.000 


C-130  PLANE  FLOOR  -  lATE&Ai  A*l$  TIME  0  000  To  ■?  -30  SEs. 

RESOLUTION  4  803  SAMPs/SEC  5000 

RMS  GS  0  30b75 
DOf  V6  000 

Fig.  15.  PSD  plot  for  lateral  axis  of  C-l  30  plane  floor; 
resolution,  4.883;  time,  0.000-^.830  sec;  simples  per 
second,  5000;  rm^  g,  0.3087^;  DOF  **6.000 
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C-ljG9LAN€  FlOO*  •  tOI-JGiIUDlNAl  AXIS  TIM£  0.000  TO  9. HO  StC 

ttSOlUT  ION  4  BW  BAMtt/VC  WOC 

SMS  CS  0. 06876 
OOf  96.000 


Fig.  16.  PSD  plot  for  longitudinal  axis  of  C-130  plane  floor: 
resolution.  4.883;  time,  0.000-9.830  sec-  samples  per  sec¬ 
ond.  5000;  rms  g,  0.08876;  DOF,  96.000 


exists  in  the  lateral  and  longitudinal  axes',  but 
does  not  have  the  amplituc1  of  the  vertical  axis 
component.  The  longitudinal  axis  wideband  rms 
is  13  percent  of  the  vertical  axis,  and  the  lat¬ 
eral  is  47  percent  of  the  vertical  wideband  level. 
These  axes  are  plotted  in  Figs.  15  and  16. 

Figures  17  through  19  contain  PSD's  of 
cruise-mode  vibration  for  comparison  with  the 
t'Jceoff  data.  These  plots  present  the  vibration 
characteristics  that  typify  the  greatest  percent¬ 
age  of  the  trip  duration. 

Data  from  the  C-133  airplane  are  contained 
in  Figs.  20  through  23.  The  measurements 
were  made  on  the  airplane  floor  in  the  same 
tl  ree  axes  as  the  other  data  recordings.  The 
longitudinal  axis  has  been  omitted,  however, 
since  it  is  lower  in  amplitude  than  the  vertical 
or  lateral  axes  and  as  shown  for  the  C-130  air¬ 
plane  is  essentially  negligible. 


The  PSD  plots  for  the  C-133  indicate  a 
peak  frequency  at  48  Hz  in  both  the  lateral  and 
vertical  axes.  In  the  vertical  axis,  the  wideband 
rms  acceleration  level  is  0.6  g  rms  for  takeoff. 
The  peak  is  in  the  range  of  0.3-0. 5  g  rms  or 
possibiy  as  great  as  83  percent  of  the  wideband 
level.  The  lateral  wideband  level  is  about  38 
percent  of  the  vertical.  Figure  22  is  the  verti¬ 
cal  axis  data  sampled  during  cruise  mode,  and 
Fig.  23  is  the  lateral  axis  during  this  period  of 
flight.  The  resolution  of  all  these  plots  is  4.68 
Hz.  Table  4  compares  the  C-130  and  C-133 
airplanes. 

Amplitude  Statistics  —  Tables  5  and  6  con¬ 
tain  amplitude  statistics  from  the  two  airplane 
flights.  These  ables  indicate  the  percentage  of 
time  that  various  peak  g  levels  were  exceeded. 
Table  7,  which  contains  additional  information 
from  a  third  flight  to  Cape  Kennedy,  shows  the 
maximum  levels  occurring  in  a  normal  cross¬ 
country  flight  with  the  C-130  airplane. 
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ACCELERATE  SPECTRAL  DENSiTy 
C--30  PLANE  ROO*  -  VERTICAL  AXIS  T>Mf  O.OOOto  9.830  SEC 

RESOLUTION  4.881  SAM’S  SEC  3000 

'C»vJISE  MODE  «MS  GS  0.4*149 

DOE  9*. 000 

Fig.  17.  PSD  plot  for  vertical  axis  of  C-I30  plane  floor 
(cruise  mode):  resolution,  4.883;  time,  0.000-9.830  sec; 
samples  per  seconc,  5000;  rms  g,  0.46149;  DOF,  96.000 


lAUVr  OS 

ACCELERATION  SPECTRAL  QENSity 

C-130  PLANE  TLOOR  -  LATERAL  AXIS  UMf  O.OOOEo  9.830  SEC 

RESOLUTION  4.883  SAMPS  SEC  5000 


(CRU  SC  MODE1  RMS  G3  0,079^8 

DOE  96.000 

Fig.  18.  PSD  plot  for  lateral  ux.s  of  C-l  50  plane  ."loor 
(cruise  mode);  resolution,  4.88  3;  time,  0,000-0,830  sec; 
samples  per  second,  5000;  rms  g,  0.07978;  DOE',  '16.000 
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C- 130  PLANE  FLOOR  -  LONGITUDINAL  AXIS 
*f  SOLUTION  4.883 

•CRUISE  MODE  I 


TIME  O.OCCto  9.830  SEl 
SAMPS  SEC  5000 
RVSGS  C  23:80 
DOf  96.000 


Fig,  19,  PSD  plot  for  longitudinal  axis  of  C-130  plane  floor 
(cruise  mode):  resolution,  4.683;  time,  0.000-9.830  sec; 
samples  per  second,  5000;  rms  g,  0.03380;  DOF,  96.000 


mOJINCr  ce* 

ACCELERATION  SPECTRAL  OENSftv 


C-133  PLANE  FLOOR  -  VERTICAL  AXIS  TIME  0  000  TO  9.830  SEC 

RESOLUTION  4.883  SAMPS/SfC  5000 

RMS  GS  0.59838 
DOf  96  000 

Fig.  20.  PSD  plot  for  vertical  axis  of  C-133  plane  floor: 
resolution,  4.883;  time,  0.000-9.830  sec;  samples  per 
second,  5000;  rms  g,  0.59838;  DOF,  96.000 
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ACCELERATION  SPECTRAL  DENSITY 
C-133  PlANc  FlOOf  -  LATERAL  AXIS  TlVi  0.000  TO  9.830  S£C 

ttSGLUTlON  4. M3  $AMf$/5£<  5000 

RMS  GS  0.17212 
DOf  96.000 


Fig.  23.  PSD  plot  for  lateral  axis  of  C - 1  ? 3  plane  floor: 
resolution,  4.883;  time,  0,000-9.830  sec;  samples  per 
second,  5000;  rms  g,  0.17212;  DOF,  V6.000 


TABLE  4 

Comparison  of  C-130  and  C-133  Airplane  Data 


Axis 

Peak  Frequency 
(Hz) 

Peak  Amplitude 
(db) 

RMS 

Level 

_ 

C-130 

C-133 

C-130 

_ 

C-133 

C-130 

C-133 

Takeoff 

Vert 

68 

47 

0.64 

0.60 

Lat 

68 

47 

0.31 

0.23 

Cruise  Mode 

Vert 

68 

47 

-13 

-23 

0.46 

0.21 

Lat 

68 

47 

_ 

-35 

-33 

0.08 

0.17 
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TABLE  5 

C-130  Airplane  Amplitude  Statistics 


Percentage  of  Time  Exceeded 

Amplitude 

Reel  1 

Reel  2 

Reel  3 

(peak  g) 

(2.5  hr)a 

(3.5  hr)a 

(1.1  hr)a 

Vert 

Lat 

Vert 

Lat 

Vert 

_ 

Lat 

0.25 

40 

35 

38 

38 

35 

32 

0.50 

22 

12 

18 

16 

12 

10 

0.75 

9 

3 

7 

5 

3 

2 

1.00 

L_L 

0.4 

2 

0.9 

0.5 

0.4 

_ 

aData  time  per  reel. 


TABLE  6 

C-133  Airplane  Amplitude  Statistics 


Amplitude 
(peak  g) 

Percentage  of  Time  Exceeded 

Reel  1 
(3.6  hr)a 

1 

Reel  2 
(3.8  hr)3 

Reel  3 
(1.5  hr)3 

Vert 

Lat 

Vert 

Lat 

Vert 

Lat 

0.25 

24 

17 

32 

21 

20 

12 

0.50 

10 

3 

13 

3 

4 

1 

0.75 

3 

0.6 

4 

0.2 

0.6 

o 

1.00 

0.8 

0.4 

0.6 

0 

0 

0 

aData  time  per  reel. 


TABLE  7 

C-130  Airplane  Amplitude  Statistics 


Amplitude 
(peak  g) 

Percentage  of  Time 
Exceeded 

0.25 

38 

0.50 

25 

0.75 

14 

1.00 

5 

1.25 

0.9 

1.50 

0.1 

2.00 

0 

CONCLUSIONS  AND 
RECOMMENDATIONS 

It  is  concluded  that: 

1.  The  normal  vibration  characteristics  of 
air-ride  vans  and  the  two  aircraft  discussed 
above  should  not  be  detrimental  to  the  struc¬ 
tural  or  functional  integrity  of  electronic 


equipment  unless  resonant  frequencies  of  the 
equipment  are  the  same  as  the  peak  frequencies 
of  the  transportation  excitation. 

2.  Air-ride  suspension  systems  with  many 
miles  of  travel  may  have  abnormal  ride  quali¬ 
ties  with  high-frequency  excitation.  The  ac¬ 
ceptance  of  a  particular  van  should  be  based  on 
preestablished  criteria.  Vans  with  high- 
frequency  excitation  can  often  be  identified  by 
simply  riding  in  them.  These  vans  have  a 
characteristic  banging  sound. 

3.  Amplitudes  exceeding  1  g  peak  rarely 
occur  in  an  airplane  or  truck  van  cross-country 
trip.  These  amplitudes  do  occur  with  abnor¬ 
mally  functioning  suspension  systems,  however. 

It  is  recommended  that: 

1.  Individual  truck  vans  should  be  qualified 
to  an  established  criterion  prior  to  their  use  as 
a  means  of  transportation  for  flight  spacecraft 
equipment.  The  qualification  requirements 
should  be  dictated  by  tl.L  payload  dynamic  char¬ 
acteristics  and  fragility  levels  if  they  have  been 
determined.  The  test  procedure  should  specify 
the  instrumentation  to  be  employed,  the  van 
locations  for  this  instrumentation,  the  road  test 
route  to  be  followed,  and  the  speeds  at  which 
the  route  should  be  traversed.  The  acceptance 
criterion  should  specify  the  maximum  accept¬ 
able  g  levels  measured  on  the  van  floor.  It 
should  indicate  the  acceptable  spectral  shape  if 
certain  frequencies  are  critical.  For  instance, 
the  high-frequency  excitation  noted  on  the  van 
discussed  here  may  be  damaging  to  certain 
equipment  being  transported.  These  frequen¬ 
cies  must  then  be  avoided. 

2.  Real-time  vibration  monitoring  instru¬ 
mentation  should  be  developed  for  long  distance 
transportation.  It  is  possible  for  the  payload 
v;br?.tion  environment  to  change  during  transit. 
This  change  could  be  the  result  of  vehicle 
changes,  such  as  a  failure  in  the  suspension 
system  of  a  van  or  engine  phenomenon  on  an 
airplane.  Shock  loads  could  be  introduced  to 
the  payload  if  the  tiedowns  become  unsecured. 
The  real-time  monitoring  instrumentation  would 
detect  this  abnormal  excitation  en  route  and 
perhaps  indicate  the  need  of  repairs  before  fa¬ 
tigue  damage  to  the  payload  has  occurred.  The 
instrumentation  must  of  course  be  designed  for 
the  application.  An  oscilloscope  may  be  suffi¬ 
cient  if.  for  instance,  a  technician  is  accom¬ 
panying  the  payload  on  an  airplane  flight.  An 
audible  signal  generator  such  as  a  buzzer  in 
the  truck  cab  may  be  required  for  a  van  ship¬ 
ment  where  the  personnel  are  not  in  the  imme¬ 
diate  vicinity  of  the  payload  and  bulky  monitoring 
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equipment  is  not  practical  in  the  cab  with  them. 
The  device  can  be  located  in  the  accelerometer 
amplifier  output  circuit. 

3.  If  an  organization  is  faced  with  the  re¬ 
view  of  a  large  number  of  transportation  data 
tapes  because  of  the  lack  of  real-time  monitor¬ 
ing  or  the  requirement  for  permanent  data  rec¬ 
ords,  it  should  consider  two  alternatives  to 
make  the  review  efficient  and  prompt.  The 
first  alternative  is  a  system  that  records  only 
data  exceeding  preselected  parameters  such  as 
acceleration  amplitude  and  frequency  content. 
Systems  such  as  this  are  being  developed  and 
equipment  can  be  purchased  that  functions  in 


this  manner.  The  second  alternative  is  to  de¬ 
velop  a  computer  program,  such  as  that  avail¬ 
able  at  JPL.  to  establish  the  time  duration  of 
input  loadings  exceeding  selected  amplitudes. 
As  indicated  previously,  this  iniormation  can 
be  very  useful  to  the  design  engineer  or  to  the 
engineer  with  the  responsibility  of  assuring  a 
satisfactory  ride  for  the  payload. 

REFERENCE 

1.  J.  W.  Schlue,  '  xhe  Dynamic  Environment 
of  Spacecraft  Surface  Transportation  "  Jet 
Propulsion  Laboratory.  TR  32-876,  Mar. 
1966 


DISCUSSION 


Mr.  Rice  (Goodyear  Aerospace  Corp.) :  Did 
you  have  any  instrumentation  on  the  package 
being  shipped?  Did  you  try  to  correlate  that 
with  what  you  measured  on  the  deck? 

Mr,  Schlu'~:  Yes,  we  did  have  instrumen¬ 
tation  on  th'  ckages  themselves.  I  haven't 
presented  any  of  that  he*-e  because  I  wanted  to 
keep  this  a  general  type  presentation.  We  have 
noticed  that  for  most  frequencies  we  have  at¬ 
tenuation,  although  in  the  higher  frequencies  we 
were  concerned  about  some  of  the  local  reso¬ 
nances.  That  is  why  we  did  an  exhaustive  study 
on  the  spacecraft  after  this  particular  trip. 

What  you  see  on  the  package  is  going  to  depend 
on  the  type  of  mounting,  whether  isolators  are 
used,  or  whether  the  package  is  hard  mounted 
to  the  floor. 

Mr,  Gertel  (Allied  Research  Assoc.):  If  I 
understood  some  of  the  data  you  presented,  I 
see  PSD  levels  which  are  very  very  low  co  n- 
pared  to  flight  vibration  observations,  or  the 
levels  that  have  been  used  in  environmental 
laboratories  for  qualifying  flight  hardware.  It 
almost  seemed  to  suggest  that  there  is  no 
transportation  vibration  problem. 

Mr.  Schlue:  Your  point  is  well  taken,  but 
remember  that  we  are  talking  about  cross¬ 
country  trips  which  may  last  as  long  as  96 
hours  where  fatigue  enters  in.  Although  the 
levels  may  be  equal  to  or  less  than  ground  test 
data  the  time  duration  at  some  of  these  levels 
may  far  exceed  the  time  on  a  vibration  test.  I 
think  fatigue  is  very  significant  here. 

Mr.  Harvey  (Goodyear  AerospaceJTorp.): 

I  would  like  to  comment  on  some  of  your  data. 

I  have  done  considerable  work  along  this  line 


and  have  found  that  air-ride  suspension  systems 
have  a  natural  frequency  ordinarily  no  greater 
than  2  Hz.  I  was  a  little  shocked  to  see  some 
of  the  data  that  you  had  at  the  higher  frequen¬ 
cies.  I  would  strongly  suspect  that  your  instru¬ 
mentation  is  not  mounted  properly.  You  should 
net  be  measuring  responses  above  50  Hz. 

Mr.  Schlue:  I  have  to  admit,  when  I  first 
looked  at  these  data  on  the  trip  from  Florida  to 
California.  I  thought  thev  had  forgotten  to  hook 
up  the  accelerometers.  We  made  exhaustive 
tests  to  verify  the  data.  We  had  the  technicians 
examine  the  recorder  very  carefully.  V/e  went 
through  the  whole  system  and  checked  out  .be 
amplifiers.  In  fact,  we  wanted  to  make  so  sure 
that  this  was  good  data  that  we  actually  brought 
back  the  same  van  and  reran  tests  on  it.  That 
picture  of  all  the  instrumentation  was  indeed 
this  van  that  we  were  retesting.  We  were  even 
using  dual  recorders  to  make  sure  it  was  not  a 
function  of  the  recorder.  Now,  I  know  every¬ 
body  says  that  the  natural  frequency  is  2  Hz. 

If  you  arc  talking  about  the  bed  itself,  which 
would  bounce  up  and  down  at  2  Hz  this  is  prob¬ 
ably  true.  But  I  think  most  of  the  excitation  is 
due  to  wheel  bounce  or  something  of  that  sort. 
That  seems  to  be  somewhere  between  10  and 
20  Hz. 

Mr.  Biamonte  (Army  Electronics  Com- 
mandjr  Are  the  levels  that  you  have  reported 
in  van  A  and  van  B  considered  destructive? 

They  seem  to  be  pretty  low. 

Mr.  Schlue:  This  again  I  think  would  de¬ 
pend  on  the  payload  and  on  the  response  of  the 
payload  to  this  type  of  excitation.  We  are  look¬ 
ing  a*  data  down  on  the  floor  and  it  could  be  that 
most  ol  this  excitation  will  lie  attenuated.  We 
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had  some  equipment  on  the  spacecraft  that  had 
resonances  within  the  high  frequency  ranges 
about  which  we  were  concerned.  This  is  one 
reason  that  we  made  an  extensive  study  of  the 
spacecraft  after  this  trip. 

Mr.  Morrow  (LTV  Research  Cenierj:  I 
don't  think  that  the  high  frequency  content  should 
be  very  surprising  if  there  is  a  little  bit  of 
looseness  somewhere  in  the  suspension.  It 
should  not  be  a  real  difficult  problem  to  provide 
some  isolation,  at  least  ii  one  doesn't  work  too 
hard  at  it  and  make  a  big  problem  out  of  it. 
However,  my  general  reaction  is  very  much 
like  Maurice  Gertel's.  These  levels  are  pretty 


low.  and  after  all,  fatigue  is  very  level  sens» 
tive.  more  level-sensitive  than  time-sensitive. 
It  would  seem  to  me  the  chance  of  getting  fa¬ 
tigue  damage  is  pretty  small  and  maybe  one 
should  design  the  equipment  so  that  it  should 
survive  this  sort  of  environment  as  well  as  the 
flight  environment.  After  all,  the  state  of  the 
art  of  simulation  is  not  such  that  we  can  readily 
distinguish  between  something  that  has  to  sur¬ 
vive  for  a  long  time  and  something  that  has  to 
survive  very  briefly,  So,  maybe  your  equip¬ 
ment  will  survive. 

Mr.  Kirchman:  I  would  like  to  comment 
in  closing  that  the  only  two  identifiable  failures 
I  have  seen  were  in  transportation. 

♦ 
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RECENT  SHOCK  AND  VIBRATION  MEASUREMENTS 


ON  THE  M-151  (JEEP)  VEHICLE 


Ronald  D  Brunnemcr  and  George  M  Pomomk 
Hughes  Aircraft  Company 
Canoga  Park,  California 


A  test  program  and  data  acquired  during  a  field  test  conducted  to  meas¬ 
ure  shock  and  vibration  environment  for  the  TOW  weapon  system  as 
mounted  on  the  M-151  vehicle  (jeep)  are  described.  Test  conditions 
included  operation  over  various  road  surfaces  from  smooth  to  unim¬ 
proved,  over  cross-country  terrain,  and  over  a  Munson-type  road 
course.  Instrumentation  consisted  of  piezoelectric  accelerometers 
with  charge  amplifiers  for  signal  cor.dilioning  and  a  portable  (14-lrack) 
magnetic  tape  recorder.  Examination  of  lhe  data  leads  to  the  conclu¬ 
sion  that  the  vibration  environment  is  no  more  severe  than  thal  speci¬ 
fied  in  MIL-STD-blOA,  Figure  514-5,  "Vibration  test  curve  for  equip¬ 
ment  installed  in  ground  vehicles." 


INTRODUCTION 

An  environmental  measurement  program 
was  conducted  to  determine  the  level  of  shock 
and  vibration  to  which  the  TOW  weapon  is  sub¬ 
jected  when  installed  on  the  M-151  vehicle. 

The  weapon  system  and  vehicie  were  subjected 
to  various  operational  field  transportation  tests. 
Data  were  obtained  over  a  range  of  vehicle 
speeds  and  conditions.  These  test  conditions 
consisted  of  five  basic  field  environments: 

1.  Munson  road  course  (spaced  bumps  on 
concrete  surface) 

2.  Primary  road  (hard  surface  blacktop) 

3.  Secondary  road  (dirt  and  gravel  combi¬ 
nation) 

4.  Primitive  road  (dirt,  dust,  rock,  and 
grass) 

5.  Cross-country  terrain  (open  field -no 
road) 

These  environments  are  associated  with 
the  operational  fi  d  conditions  which  the 
weapon  system  is  subjected  to  during  a  portion 
of  its  life  cycle.  The  TOW  weapon  system 
adapter  kit  for  the  M-151  vehicle  consists 
basically  of  the  launcher  system,  missile  stow¬ 
age  rack,  and  missiles.  A  complete  adapter  kit 
was  installed  during  the  M-15’  field  test. 


The  M-151  jeep  is  a  high-production  multi¬ 
purpose  vehicle  with  an  individual  wheei  sus¬ 
pension  system.  Its  proposed  uses  include 
transportation  of  personnel,  communications 
for  observation  and  fire  control,  and  a  special 
purpose  weapons  carrier  for  heavy  assault 
weapons  such  as  the  TOW  weapon  system. 


TEST  OBJECTIVES 

The  test  objectives  were: 

1.  To  measuie  the  vibration  and  shock  en¬ 
vironment  which  occurs  during  field  operations 
of  the  M-151  (Jeep)  vehicle.  The  data  were 
compared  with  current  TOW  design  criteria 
documents  [1,2,31  and  with  the  section  of  MIL- 
STD-810A  [4]  which  pertains  to  ground  vehicles 

2.  To  demonstrate  the  design  adequacy  of 
the  TOW  missile/launcher-system  adapter  kit 
hardware  and  installation  on  the  vehicle  during 
field  use. 

3.  To  obtain  response  data  from  the  TOW 
missile  in  the  stowed  and  deployed  configura¬ 
tions  during  field  testing. 


DETAILS  OF  TEST 

The  test  was  conducted  in  two  phases, 
vibration  and  shock.  The  shock  test  was 
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INSTRUMENTATION 


conducted  at  the  Hughes  Aircraft  Company. 
Fullerton  Facility.  Munson  road  course.  Fuller¬ 
ton,  California,  and  the  field  environments  at 
Wyle  Laboratories,  Norco.  California. 

The  M-151  vehicle  used  was  a  1966  Ford 
S  N  2K5872  with  less  than  200  miles  on  the 
odometer.  A  complete  TOW  weapon  system  kit 
was  installed  on  the  vehicle  as  shown  in  Fig.  1. 


Figures  2  and  3  show  the  accelerometer 
locations  for  both  the  shock  and  vibration 
phases.  Piezoelectric  accelerometers  were 
used  for  all  tests,  and  the  data  were  recorded 
on  a  14-track  magnetic  tape  recorder.  The 
block  diagram  for  the  data  acquisition  system 
is  shown  in  Fig.  4.  All  data  acquisition  equip¬ 
ment  was  carried  in  an  M-416  1  4  ton  trailer. 


HKJHT  8 tOC  V1CW 

Fig  1.  TOW  missile  launcher  system  installation  in  M-151  jeep  1 
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Fig.  3.  Accelerometer  locations 


42 


During  the  Feilerton  shock  test,  the  record¬ 
ing  and  signal  conditioning  instruments  were 
towed  next  to  the  test  vehicle  by  another  jeep. 
The  trailer  was  towed  behind  the  test  vehicle 
during  all  other  tests. 


TEST  AND  MEASUREMENTS 
CONDITIONS 

With  the  TOW  system  installed  and  instru¬ 
mented.  the  M-151  vehicle  was  subjected  to  the 
following: 

1.  The  vehicle  was  driven  over  the  spaced 
bump  course  at  speeds  ranging  from  5  to  35 
mph  in  5-mph  increments. 

2.  The  vehicle  was  driven  over  a  primary 
road  (hard  surface  blacktop)  at  speeds  ranging 
from  5  to  45  mph  in  5-mph  increments. 

3.  The  vehicle  was  driven  over  a  secondary 
road  (dirt  and  gravel  combination)  at  speeds 
ranging  from  5  to  35  mph  at  5-mph  increments. 


4.  The  vehicle  was  driven  over  a  primitive 
road  (dirt,  grass,  and  rocks)  at  speeds  ranging 
from  5  to  25  mph  at  5-mph  increments. 

5.  After  completing  this  test,  the  vehicle 
was  subjected  to  the  cross-country  terrain. 
During  this  test,  the  vehicle  was  driven  over 
the  open  field  at  three  speeds,  5,  15,  and  25 
mph.  end  the  data  were  recorded. 

In  the  Munson  road  course,  the  test  vehicle 
was  subjected  to  10  road  bumps  placed  on  an 
oval  track.  These  bumps  were  oriented  at  90, 
113,  128,  67,  and  52  deg  to  the  direction  of 
travel,  as  shewn  in  Fig.  5. 


TEST  RESULTS  AND  ANALYSIS 

A  direct  comparison  of  Munson  road 
(shock)  test  data  to  the  MIL-STD-810A  was  not 
possible;  however,  a  comparison  was  made  of 
the  M-113  shock  data  (Fig.  6).  This  is  an  ap¬ 
proximation  based  on  shock  spectral  analysis 
from  the  M-113  vehicle  [5],  and  a  shock  pulse 
recorded  on  channel  10  at  35  mph  on  the  Mun¬ 
son  course  (see  Figs.  7  and  8). 


Munson  #opd  course 
c SP*C£  BUMPS  ) 


T 


-m  3t  Tr°  — 

_ _ 

C-'VOJS  56CT>  on  C0U+*PS) 


Fig.  5.  Munson-type  road  course 
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Kig.  7.  Munson  road  test,  time  history  of  shock  bumps  at  35  mph 


The  pulse  being  used  for  comparison  was 
an  isosceles  triangle  with  an  amplitude  of  3.7  g 
and  a  duration  of  0.023  sec  (see  Figs.  7  and  8 
for  the  time  traces).  The  approximation  shows 
that  the  levels  of  shock  experienced  are  far 
greater  on  the  M-113  vehicle  than  that  recorded 
on  the  M-151  vehicle.  Figures  9  and  10  show 
peak  g  as  a  function  of  vehicle  speed  on  the 
Munson  course. 

Review  of  the  peak  responses  from  the 
Munson  road  course  showed  channel  1  as  seeing 


31.9  g  at  35  mph  over  shock  bump  7  (see  Fig. 
11).  This  shock  response  was  of  high  frequency 
and  low  energy.  Channel  1  monitors  the  input 
to  the  missile  stowage  rack  at  the  dashboard 
attachment  point.  At  the  time  31.9  g  on  channel 
1  was  recorded,  the  instrumented  missile  was 
in  the  deployed  position.  The  eccentric  loading 
of  the  rack  accounts  for  this  high  response 
acceleration  occurring  during  this  londition. 

As  a  comparison,  the  peak  acceleration  re¬ 
corded  at  the  same  location  with  both  missiles 
in  the  stowage  rack  was  17.1  g  (see  Fig.  12). 
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Fig.  9.  Peak  acceleration  to  shock  bump  2, 
90-deg,  Munson  road  course 


Fig.  10.  Peak  acceleration  to  shock  bump  7, 
t2-deg,  Munson  road  course 
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Primary  Read 


Secondary  Road 


Three  channels  were  picked  for  analysis 
and  compared  with  MIL-STD-810A.  Channels 
10,  11,  and  12  were  chosen  as  the  most  repre¬ 
sentative  input  levels  to  the  TOW  system  (see 
Figs.  2  and  3).  These  locations  represent  the 
vertical,  lateral,  and  iongitudinal  axes  on  the 
vehicle  floor.  Of  the  three  channels  chosen, 


During  this  test  condition  the  test  vehicle 
was  driven  over  a  dirt  and  gravel  road  at 
speeds  up  to  35  mph.  The  TOW  weapon  system, 
when  subjected  to  this  environment,  showed  no 
major  signs  of  impairment.  An  analysis  was 
made  of  channels  10,  11,  and  12  at  35  mph  over 
the  secondary  road.  This  condition  was  also 


Fig  13.  Hard  surface  road  (blacktop),  time  history  at  45  mpii,  channels!  1,  E,  4,  6,  and  7 


channel  10  vertical,  input  to  base  of  launcher 
pedestal,  gave  the  greatest  responses  in  almost 
all  cases.  The  sample  of  data  reviewed  on 
channel  10  showed  three  predominant  frequen¬ 
cies:  209  cps,  39  cps  at  0.5  g  peak,  and  1  cps 
at  1.7  g  peak  (see  Figs.  13  and  14).  The  low 
frequency  of  1  cps  is  considered  to  be  the  fun¬ 
damental  frequency  of  the  vehicle  suspension 
system. 


found  to  have  three  predominant  frequencies  (of 
lesser  amplitudes)  somewhat  similar  in  fre¬ 
quency.  The  frequencies  observed  were  169 
cps,  13  cps  at  1.0  g  and  2  cps  at  0.5  g.  Figures 
15  and  16  are  a  time  history,  and  Figs.  17,  18, 
and  19  show  the  PSD  at  35  mph. 
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Fig.  14.  Hard  surface  road  (blacktop),  time  history  at  45  mph,  channels  8,  9,  10,  11,  and  12 
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Fig.  17.  Acceleration  spectral  density, 
dirt  and  gravel  road  at  35  mph,  channel  10 
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Fig.  18.  Acceleration  spectral  density, 
dirt  and  gravel  road  at  35  mph,  channel  11 


Fig.  19  Acceleration  spectral  density, 
dirt  and  gravel  road  at  35  mph,  channel  13 
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Primitive  Road 

The  missile/ launcher-system  combination 
was  mounted  on  the  M-151  vehicle  and  subjected 
to  the  primitive  road  environment  at  speeds  up 
to  25  mph  (see  Figs.  20  through  23).  After  re¬ 
view  of  the  data  acquired,  it  was  determined 
that  this  condition  represented  the  most  severe 
environment  and  theiefore  would  be  used  for 
comparison  with  MIL-STD-810A.  The  compari¬ 
son  (see  Appendix  A)  showed  MIL-STD-810A  to 
be  more  severe. 


Cross-Country  Terrain 

The  vehicle  was  subjected  to  the  cross¬ 
country  terrain  as  specified  in  the  previous 
three  tests:  channels  10.  11.  and  12  were  ana¬ 
lyzed  (see  Figs.  24  through  29). 

CONCLUSIONS 

Spaced  Bump  Course 

The  test  specimens  successfully  passed 
tne  shock  bump  environment  without  structural 


Fig.  .20.  Primitive  ro.td,  time  history  at  IS  mph,  channels  1.  I,  4,  t>,  and  7 


failures.  After  review  of  the  test  results  and 
recorded  data,  it  may  be  concluded  that  the 
shock  environment  observed  on  the  M-151  ve¬ 
hicle  and  missile  launcher  system  is  not  a  de¬ 
sign  consideration  and  does  not  exceed  shock 
levels  of  the  M-113  vehicle. 


Primary,  Secondary,  and  Primitive 
Roads,  and  Cross-Country  Terrain 

The  test  specimens  were  subjected  to 
these  four  field  environments  as  described  in 
this  report.  After  reviewing  these  results,  it 
becomes  clear  that  the  vehicle  measured 


environment  is  less  severe  than  that  specified 
by  MIL-STD-810A  for  this  type  of  terrain. 


M-151  Vehicle  Suspension  System 

A  review  oi  the  test  data,  between  the  M-151 
vehicle  frame  and  snubbers  under  static  load, 
indicates  the  left  rear  suspension  system  bot¬ 
tomed  frequently  during  road  testing.  However, 
no  instabilities  or  adverse  vehicle  handling 
characteristics  were  note  ’  during  test  opera¬ 
tions  (see  Appendix  B). 

Time  plots  and  PSD's  of  other  data  points 
are  available  from  the  authors. 
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Fig.  22.  Acceleration  spectra'  density, 
primitive  road  at  25  mph,  channel  10 


Fig.  23.  Acceleration  spectral  density, 
primitive  road  at  25  mph,  channel  11 
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ACCELERATION  SPECTRAL  DENSITY  (j'/ept) 
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Fig.  24.  Acceleration  spectral  density, 
cross-country  terrain  at  25  mph,  channel  1 
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Fig.  27.  Acceleration  spectral  density, 
cross-country  terrain  at  25  mph,  channel  10 
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Fig.  28.  Ac  ‘ration  spectral  density, 
cross-country  a.'*''  at  25  mph,  channel  11 


Fig.  29.  Acceleration  spectral  density, 
cross-country  terrain  at  25  mph,  channel  12 


Appendix  A 

COMPARISON  OF  TWO  SYSTEM  RESPONSE  TO 
ROAD  CONDITIONS  AND  TO  MIL-STD-810A 


To  make  a  comparison  of  sine  vibration 
with  random  vibration,  certain  simplifying  as¬ 
sumptions  and  calculations  had  to  be  made: 

Select  0.01  g2/cps  from  0  to  1  kc  as  rep¬ 
resenting  the  worst  random  input  measured  in 
test.  This  will  then  be  compared  with  a  2.5  g 
peak  sine  sweep  from  5  to  500  to  5  cps,  as 
designated  in  MIL-STD-810A  (Fig.  1)  for  cross¬ 
country  travel  in  a  field  vehicle. 

In  the  past,  major  units  (such  as  the  mis¬ 
sile,  the  sight  sensor,  etc.)  of  the  TOW  weapon 
system  have  been  represented  (for  simple  ana¬ 
lytical  purposes)  as  a  single-degree-of-freedom 
system  with  a  natural  frequency  (f„)  of  35  Hz 
and  a  resonant  amplification  factor  (Q)  equal  to 
5.  The  method  used  for  comparing  the  environ¬ 
ments  (those  measured,  and  those  specified  Ly 
MIL-STD-810A)  is  to  determine  the  fatigue 
damage  effect  upon  the  analytical  model. 


Response  of  the  Model  to  the  Sine 
Vibration  (Specifica lion  Limit): 

g  out  =  Qg  in  =  (5) (2.5)  =  12.5  g  peak  at  35  Hz 

Response  of  the  Model  to  the  Random 
Vibration  (As  MeasuredTT 

Response  g  rms  -  2  (Q  f„  F)1  2 

Q  =  5 
f„  =  35  cps 
F  =  0.01  g2  <  ps 

g(rms)  =  t.  2  [(5)  (35)  (0.01)1 !  2 
=  2.08  g  rms 

For  the  same  fatigue  damage,  the  equivalent 
sine  response  is  2.17  «2.G8  g  rms  4.52  g  |6). 
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Again,  referring  to  the  Shock  and  Vibration 
Handbook,  we  find  that  0.5  hr  of  a  resonant 
dwell  (MIL-STD-810A)  for  the  above  model  is 
equivalent  to  approximately  5000  lur  of  the  ran¬ 
dom  level.  This  assumes  that  the  S-N  curve 
given  ii;  the  reference  applies  to  the  model  and 


that  the  loads  occur  in  the  sloped  portion  of  the 
S-N  curve.  Five  thousand  hours  is  far  less 
tlian  the  service  life  of  the  TOW  system  on 
board  the  M-151  vehicle.  Therefore,  MIL- 
STD-810A  is  more  severe  and  will  be  retained 
as  design  criteria. 


Appendix  D 

M-151  VEHICLE  WEIGHT  AND  C.G. 


The  vehicle  weight,  c.g.,  and  deflection  at 
the  snubbers  were  studied  for  information  pur¬ 
poses.  At  the  start  of  testing  there  was  some 
question  as  to  the  need  for  a  special  heavy-duty 
suspension  system  for  the  vehicle  with  the  TOW 
system  installed.  No  vehicle  instabilities  or 
handling  problems  were  noted  during  these 
tests  using  the  standard  suspension  system. 
Some  bottoming  of  the  suspension  system  did 
take  place  during  testing. 

The  system-vehicle  weight  and  c.g.  are 
given  in  Fig.  B-l  The  vehicle  suspension  sys¬ 
tem  when  loaded  with  a  complete  TOW  launcher 
system  adapter  kit,  two  simulated  missiles,  and 


two  men  (200  lb  each)  gave  the  following  static 
deflections: 

Clearance  of  Snubber 
to  Frame 

Fwd  Snubber  Aft  Snubber 

Right  rear  0.ol3  in.  0.826  in. 

Left  rear  0.030  in.  0.308  in. 


The  above  test  was  conducted  with  a  100-lb 
hitch  load,  the  gas  tank  half  full,  and  no  spare 
gas  cans  on  board. 
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DISCUSSION 


Mr.  Harvey  (Goodyear  Aerospace  Corp.): 
Were  your  PSD  data  plots  from  a  single  accel¬ 
erometer  or  a  collection  from  all  accelerome¬ 
ters? 


Mr.  Brunnemer:  They  were  from  one  par¬ 
ticular  accelerometer.  It  was  the  vertical  input 
at  the  base,  which  was  determined  to  be  the 
worst  environment. 
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Item 

(lb) 

(in.) 

W* 

(in.) 

w* 

Jeep,  curb  weight 

Remove 

2400 

37.5 

90,000 

23.9 

57,360 

Spare  tire 

60 

106.0 

6,360 

34.0 

2,040 

Scat,  passenger 

28 

54.0 

1,512 

26.0 

728 

Gas  can 

30 

106.0 

3,180 

28.0 

840 

Add 

•Spare  tire 

.0 

22.0 

1,320 

32.0 

1,920 

Seat,  jump 

8 

90.0 

720 

36.0 

288 

Gas  can 

30 

1°.0 

570 

34.0 

1,020 

Pedestal  base 

116 

87.0 

10,092 

26.0 

3,016 

Pe  de  stal 

39 

87.0 

3,393 

36.0 

1,404 

Support  rad,  ant. 

24 

70.0 

1,680 

30.0 

720 

A  frame  rack 

65 

48.0 

3,120 

38  0 

2,470 

Tripod  rack 

15 

62.0 

930 

36.0 

540 

Elect,  support 

44 

60.0 

2,640 

27.0 

1,188 

Tube  support 

3 

30.0 

90 

42.0 

126 

Miscellaneous 

20 

66.0 

1,320 

30.0 

600 

Seat  support 

13 

90.0 

1,170 

36.0 

468 

Radio  and  ant. 

51 

70.0 

3,570 

40.0 

2,040 

Traversing  unit 

50 

88.0 

4,400 

58.0 

2,900 

Sight  sensor 

24 

88.0 

2,112 

60.0 

1,440 

Launch  tube 

13 

68.0 

884 

60.0 

780 

Trinod 

21 

56.0 

1 ,176 

26.0 

546 

Electronics  and  btry. 

53 

56.0 

2,9b8 

38.0 

2,014 

Missiles  and  contr  (2) 

95 

54.0 

5,130 

40.0 

3,800 

Dr  ivc  r 

200 

51.0 

10,200 

32  0 

6 ,4  "> 

Gunner 

200 

90.0 

18,000 

46.0 

9,200 

3426 

45.  1 

154,433 

OO 

96,632 

Fig.  B-i.  TOW/M-15i  launcher  system  c.g.  and  weight  distribution 
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LATERAL  IMPACT  SHOCK  DURING  SHIP  LOADING 
OF  THE  A3  POLARIS  MISSILE 


E.  G.  Fischer,  C.  R.  Brown,  and  A.  J.  Molnar 
Westinghouse  Electric  Corporation 
Pittsburgh,  Pennsylvania 


Lagrange's  equations  have  been  used  to  predict  the  largi  -  i 
angle,  double -pendulum  type  of  motion  observed  when  the 
A3  Polaris  missile-lmer  system  is  subjected  to  lateral  im-  ' 
pact  shock  during  transfer  from  supply  ship  to  submarine.  | 
Modal  vibration  effects  for  the  flexible  missile-liner  com-  j 
bination  are  superimposed  on  the  rigid  body  solution  of  the 
problem.  In  addition,  lateral  shock  tests  have  been  made 
on  a  full-scale  A3  missile  test  vehicle,  using  a  crane  and 
barge  simulation  at  the  San  Francisco  Bav  Naval  Shipyard. 

_ _ _ _ ; _ i 


INTRODUCTION 

Polaris  missiles  are  transferred  from 
supply  ships  to  tenders  and  submarines  under 
protected  harbor  conditions.  Occasionally, 
however,  the  relative  motion  between  ships  in 
at  least  two  of  these  harbors  causes  low-level 
impacts  in  both  the  vertical  and  lateral  direc¬ 
tions.  Analyses  and  tests  of  the  vertical  land¬ 
ing  impact  have  been  reported  [1]  for  various 
(rigid)  missile-liner  combinations. 

Subsequently,  similar  analyses  have  been 
made  of  the  missile  system  subject  to  lateral 
landing  shock.  As  shown  by  Fig.  1,  the  extended 
length  of  the  supply  ship  cable  becomes  impor¬ 
tant  in  that  lateral  impact  can  produce  large - 
an^le,  compound-pendulum  motions  of  the  (rigid) 
missile-liner  combination.  In  addition,  when 
structural  flexibility  io  superimposed  on  the 
rigid  body  motions,  the  resulting  lateral  vibra¬ 
tion  between  missile  and  liner  could  signify 
excessive  bending  stresses. 

The  lateral-shock  analysis  has  been  de¬ 
rived  from  Lagrange's  equations  of  motion  and 
is  considered  a  unique  contribution  because  it 
includes  the  nonlinear  effects  allowed  by  the 
large-angle  coordinate  systems  and  nomencla¬ 
ture  given  by  Figs.  2  and  3.  A  total  of  66  pages 
of  equations  [2 )  was  required  for  this  extensive 
treatment  of  the  flexible  missile-liner  system. 
However,  only  the  method  of  attack  need  be 
outlined  here. 

Concurrent  lateral-shock  tests  have  been 
made  on  a  full-scale  A3  missile  test  vehicle  and 


Fig.  1.  Lateral  impact  '•hoik  of  mis¬ 
sile  during  ship  loading  (or  shipyard 
simulation  t<  st) 


liner  assembly  using  a  yard  crane  and  floating 
barge  simulation  at  the  San  Francisco  Ray  Na¬ 
val  Shipyard.  Figure  4  shows  the  location  of 
the  test  instrumentation  consisting  of  acceler¬ 
ometers  and  strain  gages.  Measurements  were 
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F:g.  2.  Simplified  location  dimen¬ 
sions  for  missile-liner  system 


Fig.  J.  Schematic  di.icr.ini  of 
nomenclature  for  (  tUulating 
missile  shoe  force- 
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Fig.  4.  Location  of  test  instrumen¬ 
tation  and  corresponding  computer 
program  readout 


made  over  a  range  of  lateral  impact  velocities 
up  to  .’.bout  3  fps. 

The  tested  and  calculated  values  were  con¬ 
sidered  to  be  in  general  agreement  when  allow¬ 
ance  was  made  for  the  difficulty  in  getting 
field-test  conditions  to  duplicate  the  idealiza¬ 
tions  needed  to  complete  the  analysis.  Both 
procedures  showed  acceptable  missile  and  liner 
loadings  at  the  specified  shock  level  of  1  fps. 
This  information  will  be  used  in  the  design  of 
the  forthcoming  Poseidon  missile  and  handling 
equipment. 


DERIVATION  OF  EQUATIONS 
OF  MOTION 

The  expression  for  Lagrange's  equation  of 
motion  is 


where  L  T  -  v  represents  the  difference  be¬ 
tween  the  kinetic  ana  potential  energy  in  the 
missile-liner  system.  The  term  hi  signifies 
velocity -type  damping  in  the  system.  The 
right-hand  term  K  represents  externally  applied 
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forces,  which  can  act  on  either  missib  or 
lin  r. 

The  generalized  coordinates  for  the  rigid 
body  motions  are  shown  in  Fig.  2  as  , .  .  4. 

Similarly,  the  generalized  (modal)  coordinates 
for  the  flexible  body  (missile-liner)  motions 
are  shown  in  Fig.  5  as  r,  r,.  (five  missile 
mooes)  and  in  Fig.  .  ,  ps  (five  liner 
modes). 

The  kinetic  energy  T  of  the  missile-liner 
system  includes  rigid  body  translation  and  ro¬ 
tation  terms,  as  well  as  lateral  flexibility 
terms.  The  latter  consist  of  summations  in¬ 
volving  the  generalized  masses  and  modal 
coordinates. 

The  potential  energy'  V  of  the  missile-liner 
combination  includes  the  effect  of  gravity,  the 
stored  (spring)  energy  in  the  missile  shoes, 
and  the  stored  (flexure)  energy  in  the  missile- 
liner  structural  mode  shapes.  Again,  the  latter 
terms  consist  of  normal  mode  summations  in¬ 
volving  the  generalized  masses,  a  diagonal 
matrix  of  the  modal  frequencies  squared,  and 
the  modal  coordinates.  (Note  that  Fig.  3  shows 
a  distinction  made  between  left-hand  and  right- 
hand  missile  shoes  so  that  nonlinear  effects  in 
the  large-angle  theory  can  be  taken  into  ac¬ 
count.) 


GEOMETRIC  RELATIONSHIPS 

The  rigid  body  geometry  shown  in  Figs.  2 
and  3  yields  the  following  relationships  between 
the  Cartesian  (x.y)  coordinates  and  the  pendu¬ 
lum  system  angles  (;’s). 


I?  3  cm  !!lc»  ?4  ?  cm  W  0  cm  «  i  cm 


Fig.  5.  Free-free  lateral  mode 
shapes  for  A i  missile 


Liner  c.g.  coordinates  (rigid) 


18  ?  COS  46  ?  cp*  80  ?  cp*  12!  tps  14^  f;tS 


X,  l,  sin  *  tJn  Sin  2  . 

and  (2) 

y  i  '  tos  *  i  *  i  jo  cos  ■  j 

Missile  c.g.  coordinates  (rigid) 


Fig.  6.  Free -tree  lateral  mode 
shapes  tor  A3  liner 


lliR 


1  Jt.R  ' 


~  y  II, r' 


(4) 


x j  1  ,  sin  .  ,  ‘  1 „  sin  .  ,  •  1  ,  sin  .  j  *  1 4  sin  .  4. 

and  (3) 

y.  1  ,  cos  .  ,  •  1„  eos  .  2  •  1  ,  eos  .  ,  •  1„  cos  .4 

In  a  similar  manner,  the  two  rigid  body 
coordinates  at  both  ends  of  the  six  missile 
shoes  lead  to  an  additional  24  equations  relating 
linear  and  angular  coordinates. 

The  original  length  of  the  missile  shoe 
spring  is  R,  R2.  The  new  length  of  the  de¬ 
flected  spring  is 


To  this  result  must  be  added  the  change  in 
length  caused  by  the  lateral  flexibility  of  the 
missile-liner  system.  The  latter  consists  of 
the  di Terence  in  normal  mme  summations  with 
appropriate  factors  to  give  actual  missile  and 
liner  elastic  deflections. 

Since  only  lateral  flexure  of  the  structures 
is  considered,  then  left-hand  and  right-hand 
modal  deflections  are  equal  but  of  opposite 
sign.  Also,  it  is  assumed  that  the  llexibility 
effect  occurs  along  the  axis  of  the  deflected 
spring  in  the  direction  corresponding  to  Eq.  (4). 
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There  is  a  total  of  six  equations  for  relative 
displacements  across  the  shoes  on  both  sides 
of  the  missile. 


EVALUATION  OF  KINETIC 
ENERGY  TERMS 

The  kinetic  energy  expression  T  requires 
that  velocity-squared  terms  corresponding  to 
the  velocity  of  the  missile -liner  c.g.'s  be  sub¬ 
stituted.  Usin6  the  line*  as  an  example,  they 
can  be  derived  from  Eq.  (2)  as 


and  (5) 

y,  -1,  sin  | ;  I  -  1  J0  sin  .  2.2 

(liner  c.g.).  Thirteen  terms  are  needed  to  ex¬ 
press  the  kinetic  energy  of  the  rigid  body  trans¬ 
lation  in  the  large-angle  coordinate  systems. 

In  addition,  there  are  two  terms  expressing  the 
rigid  body  rotational  energy,  and  two  series  of 
terms  expressing  the  lateral  vibrational  energy 
of  the  flexible  missile-liner  system.  The  latter 
consist  of  so-called  normal  mode  summations. 


EVALUATION  OF  POTENTIAL 
ENERGY  TERMS 

The  expression  for  stored  (spring)  energy 
in  the  missile  shoes  requires  that  displacement- 
squared  terms  corresponding  to  the  net  deflec¬ 
tions  In  the  six  shoes  be  substituted.  In  turn, 
the  latter  deflections  require  the  substitution  of 
the  x  -  y  diagonal  length  as  given  by  Eq.  (4), 
which  can  be  evaluated  in  terms  of  angular  co¬ 
ordinates  as  typified  by  Eqs.  (2)  and  (3). 

In  addition  to  the  shoes,  the  potential  en¬ 
ergy  expression  V  contains  two  terms  express¬ 
ing  the  e.  ect  of  gravity  at  the  missile-liner 
c.g.'s,  and  two  normal  mode  summations  ex¬ 
pressing  the  lateral  stored  (flexural)  energy  of 
the  missile-liner  combination. 


SUBSTITUTION  IN  LAGRANGE'S 
EQUATIONS 

Since  L  T-v  in  Eq.  (1).  then  for  q 


Substitution  of  the  various  terms  found  for 
the  kinetic  and  potential  energy  evaluations  re¬ 
sults  in  some  lengthy  expressions  involving  the 


dimensions  in  Fig.  2  and  the  angular  coordi¬ 
nates,  both  as  time  derivatives  and  sine-cosine 
functions.  In  similar  fashion  expressions  are 
obtained  for  q  ,2  .  3  .  4. 

The  energy  terms  obtained  by  normal  mode 
summations  for  the  missile-liner  system  are 
not  functions  of  the  angular  coordinates.  Hence, 
they  do  not  contribute  terms  to  Lagrange's 
equations  as  typified  by  Eq.  (6).  However,  the 
missile-liner  deflections  have  been  accounted 
for  in  the  energy  terms  for  the  net  (missile) 
shoe  deflections,  whereby  the  normal  mode 
shapes  given  in  Figs.  5  and  6  have  been  intro¬ 
duced. 


RIGID  BODY  MOTION  EQUATIONS 
IN  MATRIX  FORM 

Considering  only  the  rigid  body  motions 
specified  by  the  angles  q>|f  t2,  ip,,  and  j>4, 
there  are  four  second-order  (nonlinear)  differ¬ 
ential  equations  which  can  be  written  in  matrix 
form  as 

M(?>  »  DtV)  ♦  <G>  ♦  {K>  =  (F)  .  (7) 

where  (?)  and  are  column  matrices  in¬ 
volving  the  angular  coordinates  <p,  .  .  <p4. 

The  coefficient  of  tne  angular  acceleration 
vector  is  the  4x4  symmetrical  inertia  matrix 
M.  The  coefficient  of  the  angular  velocity - 
squared  vector  (nonlinear)  is  the  4x4  d  matrix 
with  diagonal  terms  equal  to  zero.  The  remain¬ 
ing  terms  in  Eq.  (7)  are  column  matrices  for 
the  gravity  vector  c>,  the  (missile  shoe)  poten¬ 
tial  energy  vector  K,  and  the  (lateral  impact) 
forcing  function  vector  F,  with  only  one  term 

LATERAL  FORCES  ON  FLEXIBLE 
MISSILE-LINER  COMBINATION 

To  write  the  standard  modal  differential 
equations  for  the  flexible  system,  it  is  neces¬ 
sary  to  define  all  the  lateral  forces  acting  on 
the  missile-liner  combination. 

Figure  3  indicates  that  the  forces  acting 
on  the  missile  are  the  shoe  forces  (a,  b,  c)  and 
the  tension  in  the  hoist  cable.  The  lateral 
component  of  the  tension  acting  at  the  nose  tip 
of  the  missile  was  calculated  by  assuming  that 
the  vertical  component  supports  the  weight  of 
the  missile  (lateral  direction  means  normal  to 
the  axis  of  the  flexible  structure).  The  effect 
of  lateral  vibration  of  the  missile  on  the  hoist 
cable  force  has  been  included. 
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The  lateral  component  of  the  tension  in  the 
main  cable  acting  at  the  top  of  the  liner  was 
calculated  by  assuming  that  the  vertical  com- 
po  lent  supports  the  weight  of  both  the  liner  and 
missile.  In  addition,  the  lateral  component  of 
the  tension  in  the  hoist  cable  was  for  simplicity 
assumed  to  act  at  the  top  of  the  iiner.  The  ef¬ 
fect  of  lateral  vibration  of  the  liner  on  ihe  main 
cable  force  has  also  been  Included. 

Finally,  the  impact  force  was  calculated  in 
terms  of  the  base  spring  stiffness  and  the  liner 
rigid  body  motion,  as  modified  by  the  lateral 
vibration  of  the  liner. 


FLEXIBLE  MISSILE-LINER  MOTION 
IN  MATRIX  FORM 

In  addition  to  the  rigid  body  motion,  the 
lateral  vibration  for  the  missile-liner  structure 
can  aiso  be  derived  from  Lagrange's  equation. 
In  fact,  Investigation  of  the  kinetic  and  potential 
energy  expressions  shows  that  the  standard 
modal  differential  equations  are  satisfactory. 

Considering  the  misslie  modes  gives 

r}  ♦  Ay! r)  S;  j{FM>  (8) 

(five  missile  modes),  where  Is  the  diagonal 
matrix  of  the  generalized  modal  masses,  is 
the  diagonai  matrix  of  the  modal  frequencies 
squared,  and  S,  ,  is  the  transpose  of  the  ma¬ 
trix  taken  from  the  missile  modes  at  the  points 
where  the  four  lateral  forces  act. 

The  flexible  liner  structure  is  analyzed  in 
the  same  manner  in  terms  of  the  five  liner 
modes  of  vibration  shown  in  Fig.  6. 


BENDING  MOMENT  CALCULATIONS 

Bending  moments  In  both  the  missile  and 
liner  are  caiculated  by  the  so-called  accelera¬ 
tion  method  used  in  previous  shock  studies  [3,4] 
This  method  has  the  advantage  of  producing  a 
satisfactory  solution  with  fewer  modes  than 
those  required  by  the  displacement  method. 
This  advantage  is  especiaily  Important  in  the 
case  of  the  liner,  since  the  higher  modes  con¬ 
tain  Inaccuracies  because  of  the  small  number 
of  degrees  of  freedom  included  in  the  lumped- 
parameter  model. 

The  equation  for  bending  moment  becomes 


«k  *  »V:  -  H  —r  '  £  •  L.  -  4'  • 

i  i  * 

(9) 

where 

Z  is  rigid  body  translational  acceleration, 

•  is  rigid  body  rotational  acceleration, 

Mk)  is  the  moment  coefficient  taken  directly 
from  the  modal  data, 

is  the  acceleration  of  the  jth  modal 
coordinate,  and 

■  is  the  natural  frequency  of  the  jth 
mode. 

The  F;'s  are  the  forces  acting  on  the  body; 

<  =  0,  when  F;  acts  below  point  k, 

•.  =  1,  when  F;  acts  above  point  k,  and 

M2li  and  M#lt  are  the  T  and  P  moments  for 
location  k. 

These  numbers  were  available  for  the  A3  mis¬ 
sile,  but  it  was  necessary  to  calculate  them  for 
the  iiner. 


COMPUTER  RUNS  VERSUS 
TEST  RESULTS 

As  mentioned  previously,  the  actua.  tv 
results  were  found  to  be  in  general  agreement 
with  the  caiculated  values  obtained  by  the  com¬ 
puter  runs.  This  statement  makes  allowance 
for  the  fact  that  field-test  conditions  did  not 
duplicate  all  the  idealizations  needed  to  keep 
the  computer  evaluation  within  reasonable  lim¬ 
its.  Nevertheless,  important  test  results  veri¬ 
fied  the  main  features  of  the  analysis.  Since 
the  computer  runs  were  more  extensive  and 
more  consistent  than  the  actual  impact  tests, 
they  will  be  used  in  this  discussion  as  the  basis 
for  comparison. 

Figure  7  shows  the  multiple  bounces  of  the 
double-pendulum  system  when  the  base  spring 
is  relatively  rigid  (kDasI.  -  lxlO6  lb/in.).  In¬ 
troducing  the  flexibility  of  the  missile-liner 
structure  into  the  rigid  body  calculation  evi¬ 
dently  reduces  the  severity  of  the  peak  impact 
force,  but  increases  the  number  of  bounces  as 
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Fig.  7.  Typical  time  variation  of 
impart  force  at  base  of  liner  show¬ 
ing  multiple  bounces 


well  as  t.»e  overall  time  of  contact.  In  the  ac¬ 
tual  test,  the  liner  was  permitted  to  bounce  only 
once,  and  it  was  found  to  have  a  measured  pulse 
duration  of  about  110  msec. 

Figure  8  shows  how  the  severity  of  the  im¬ 
pact  force  can  also  be  reduced  by  assuming 
smaller  values  for  the  stiffness  of  tne  impact 
spring.  In  the  actual  test  for  the  A3  missile, 
the  calculated  stiffness  for  the  combined  liner 
adapter  and  funnel  guide  (see  Fig.  1)  with  con¬ 
tact  at  the  top  inside  edge  of  the  funnel  was 
equivalent  to  =  0.1  xlO6  lb /in.  Also,  in 
the  actual  test  with  an  impact  velocity  of  1  fps, 
the  load  cell  at  the  point  of  impact  gave  a 
measured  peak  force  of  F0a,r  =  10.000  lb. 

The  top  portion  of  Table  1  lists  the  values 
just  mentioned  under  the  heading  of  the  flexible 
bird  test.  These  results  are  compared  with 
similar  values  obtained  in  the  computer  runs 
for  both  rigid  and  flexible  missile-liner  sys¬ 
tems.  Based  on  this  evidence,  it  is  concluded 
that  the  flexible  missile-liner  calculations  are 
in  gt  .  ral  agreement  with  the  flexible  bird  test 
results.  In  other  words,  for  an  assumed  base 
spring  stiffness  and  impact  velocity  as  shown, 
the  analysis  predicts  a  satisfactory  time  of 
contact  and  peak  contact  force. 

On  the  other  hand,  the  rigid  missile-liner 
calculations  with  the  same  assumptions  of  1  fps 
and  O.lx  106  lb/in.  predict  much  too  large  a 
force  with  a  relatively  short  time  os  contact, 
Figure  8  indicates  that  to  obtain  a  contact  force 
of  10,000  lb  the  base  spring  would  have  to  be 
reduced  to  0.04  :<  106  lb  /in.,  which  does  not 


Fig.  8.  Effect  of  base  spring 
stifiness  on  impact  force 


appear  to  agree  with  the  stiffness  calculation. 
A  so,  all  the  other  quantities  listed  in  Table  1 
under  rigid  missile-liner  calculated  values 
would  probably  be  reduced  by  a  factor  of  1.58 
(=  15,800/10.000). 

The  values  of  stress  and  acceleration 
shewn  in  the  bottom  portion  of  Table  1  are  dis¬ 
cussed  in  terms  of  curve  plotting  (Figs.  9,  10. 
11)  for  the  flexible  missile-liner  system.  The 
abscissa  for  all  curves  is  the  time  elapsed 
since  impact,  measured  in  milliseconds. 


CURVE  PLOTT'NG 

Both  computer  curve  plotting  and  actual 
test  osciliograms  show  that  two  important 
"wobble"  modes  of  vibration  are  simultaneously 
present  in  the  flexible  missile-liner  system. 

The  low  -frequency  motion  at  about  12  cps  is 
associated  wdth  the  first  mode  flexv.ral  vibration 


Fig.  9.  Base  impact  force  showing  liner 
angular  acceleration  on  base  spring 
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TABLE  1 

Calculated  and  Test  Values  for  Lateral  Impact  Shock 


Missile 

Stations 

Parameter 

.  ......  ...  .  .  ...  -  . -- 

Rigid 

Flexible 

Missile- 

Liner 

(Calculated) 

1 

Bird 

(Actual) 

...  

Missile- 

Liner 

(Calculated) 

Bird 

(Actual) 

- ..  ..  .  . 

493 

Contact  force.  F„. 

15,800 

-  - 

9,400 

10,000 

(lb) 

1 

493 

Base  spring 

0.1  v:  !06 

0.1-  10h 

0.1  xlO* 

stiffness 

> 

(calc) 

(lb/in.) 

: 

T.me  of  contact 

74 

114 

110 

(msec) 

• 

_ L 

Acceleration-1  (g) 

94 

A, 

0.50 

0.48 

1.67  j 

0.78 

234 

A, 

0.06 

0.55 

0.28 

460 

A3 

0.85 

0.65 

0.83 

0.65 

89 

A, 

0.41 

0.48 

0.64 

0.40 

i  489 

A, 

0.40 

2.50 

1.05 

2.15 

Stress'3  (psi) 

288 

S. 

1320 

1550 

1370 

1500 

353 

ss 

3150 

3C00 

4340 

1000 

(max) 

i 

(max) 

160 

x,  (liner  c.g.) 

0.41 

0.4  i  +  0.35 

368 

xh  (missile  c.g.) 

0.54 

0.31  «■  0.12 

Note. —Impact  at  top  of  funnel  guide;  impact  velocity  = 
aA  =  accelerometer  location. 

=  strain  gage  location. 


Ips;  10  percent  damping. 


of  the  missile  as  shown  in  Fig.  5.  The  high- 
frequency  motion  at  about  56  cps  is  associated 
with  a  rigid  body  rotation  of  the  liner  about  the 
middle  shoe  as  shown  in  Fig.  6.  The  latter 
mode  is  governed  by  the  flexibility  oi  the  top 
and  bottom  shoes,  b  and  a.  respectively.  Both 
the  base  spring  and  the  cable  attachments  dis¬ 
orient  these  two  modes  to  produce  the  compli¬ 
cated  wobble  motions.  The  following  discussion 
of  the  flexible  vs  rigid  missile-liner  calcula¬ 
tions  supports  the  aforesaid  conclusions. 

Figure  9  shows  that  the  impact  force  on 
the  liner  is  not  a  simple  half-sine  pulse  varia¬ 
tion  with  elapsed  time.  The  distortion  corre¬ 
sponds  to  flexure  of  the  missile  mode  at  about 
12  cps.  By  comparison,  the  same  curve  for  the 
rigid  missile-liner  system  (although  not  plotted 


in  this  report)  is  essentially  symmetrical  and 
of  only  74-msec  duration.  Also  shown  in  Fig.  9 
is  the  liner  angular  acceleration  at  about  56  cps. 
The  same  curve  for  the  rigid  system  shows  a 
slightly  higher  frequency,  but  the  vibration  is 
no  longer  damped  out.  Hence,  the  liner  mode 
must  involve  a  rigid  body  rotation  since  the 
only  damping  effect  in  the  system  (10  percent 
of  critical)  is  associated  with  either  missile  or 
liner  flexural  vibration.  In  this  instance  the 
missile  mode  at  12  cps  must  have  provided  the 
damping. 

Figure  10  shows  the  liner  stress  variation 
with  time,  as  based  on  bending  moment  calcula¬ 
tions.  It  is  significant  that  in  the  first  half- 
cycle.  the  stresses  at  s,  and  are  of  opposite 
sign.  As  shown  in  Fig.  6.  this  result  confirms 
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based  on  bending  moment  calculations 


the  presence  of  a  rigid  body  rotation  of  the 
liner.  Although  a  flexural  mode  in  the  liner  is 
not  apparent,  Eq.  (9)  shows  that  bending  mo¬ 
ments  can  still  materialize  in  terms  of  rigid 
body  oscillations.  Figure  10  also  shows  that 
the  rigid  liner  vibration  at  56  cps  is  heavily 
damped  by  the  effect  of  the  missile  mode  flex¬ 
ure  at  12  cps.  Again,  when  the  same  curves 
are  plotted  for  the  rigid  system,  the  low- 
frequency  missile  mode  effect  disappears  and 
the  rigid  liner  oscillation  is  no  longer  damped 
out. 

Figure  11  shows  that  the  acceleration 
builds  up  at  the  top  of  the  missile  in  the  low- 
frequency  flexural  mode.  On  the  other  hand, 
the  Initial  acceleration  is  a  maximum  at  the 
base  of  the  liner  in  the  high-frequency  rigid 
liner  mode,  which  is  shock  excited  by  the  base 
spring  impact.  Once  again,  when  the  same 
curves  are  plotted  for  the  rigid  system,  the 
missile  flexure  mode  disappears  and  the  rigid 
liner  mode  is  no  longer  damped  out. 

All  of  the  results  under  discussion  corre¬ 
spond  to  an  impact  velocity  of  1  fps.  Up  to 
about  10  fps,  the  motion  responses  appear  to 
increase  proportionately.  However,  for  a  ve¬ 
locity  of  100  fpr  (required  because  of  the  rela¬ 
tively  soft  base  spring),  the  angles  involved 
reach  20  to  30  deg  and  the  system  response  Is 
distinctly  nonlinear. 


TEST  RESULT  DISCREPANCIES 

In  general,  the  actual  oscillograms  for  the 
flexible  bird  test  duplicated  the  various  motion 


Fig.  It.  Top  and  bottom  (linear)  acceler¬ 
ations  of  flexible  missile  —  liner  system 


characteristics  previously  plotted  for  the  flex¬ 
ible  missile-liner  calculations.  In  particular, 
the  strain  gage  readings  (maxi  mums)  and  the 
calculated  stresses  were  in  good  agreement  as 
shown  in  Table  1.  (Some  results  for  the  rigid 
bird  test  are  also  compared  with  the  rigid 
missile-liner  calculations.  The  contact  force 
was  not  measured  it:  the  test,  but  the  Impact 
velocity  was  1  fps.)  It  should  be  pointed  out 
that,  in  both  the  rigid  and  flexible  bird  tests, 
the  liner  was  flexible.  However,  the  computer 
analysis  has  shown  that  only  the  rigid-body 
oscillation  of  the  liner  was  significant. 

The  most  noticeable  discrepancy  in  the  test 
results  showed  up  as  a  high-frequency  compo¬ 
nent  of  acceleration  in  the  base  of  the  liner  (A 5) 
at  about  100  cps.  As  a  result,  the  test  values 
are  much  larger  than  the  accelerations  calcu¬ 
lated  for  both  the  rigid  and  flexible  systems.  It 
is  believed  that  the  100-cps  vibration  is  associ¬ 
ated  with  radial  (elliptic)  distortion  of  the  liner 
adapter  ring,  which  is  shock  excited  by  the  base 
spring  impact.  This  effect  was  not  included  In 
the  flexural  modes  of  the  liner. 

In  addition,  the  rigid  liner  oscillation  at 
56  cps  showed  up  as  a  high-frequency  compo¬ 
nent  of  acceleration  in  the  nose  of  the  missile 
(A,).  It  Is  possible  that  the  accelerometer  at¬ 
tachment  was  in  resonance  with  the  trace  of 
vibration  excitation  at  56  cps  noticed  in  the 
curve  for  A,  in  Fig.  11.  Otherwise,  the  calcu¬ 
lated  values  of  acceleration  as  shown  by  Table  1 
were  invariably  larger  than  the  test  measure¬ 
ments. 


CONCLUSIONS 

In  general,  it  is  not  an  easy  matter  to  con¬ 
duct  a  full-scale  shock  test  and  obtain  repro¬ 
ducible  shock  measurements  [5],  Usually  the 
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strain  gage  measurements  are  eas  er  to  corre¬ 
late  than  the  accelerometer  readings,  which 
tend  to  overemphasize  the  spurious  high- 
frequency  effects.  This  was  the  case  in  the  A3 
lateral  impact  tests. 

On  the  other  hand,  the  computer  analysis 
requires  that  all  of  the  energy  involved  in  the 
impact  must  materialize  in  certain  specified, 
restricted  modes  of  vibration.  In  a  practical 


test,  such  idealizations  are  usually  not  dupli¬ 
cated.  Hence,  the  calculated  results  for  the 
flexible  missile-liner  system  are  quite  con¬ 
servative  except  where  noted  in  the  previous 
discussion. 

Finally,  both  test  and  analysis  showed  ac¬ 
ceptable  missile  and  liner  loadings  at  the  spec¬ 
ified  impact  shock  level  of  1  fps.  These  results 
are  available  for  the  design  of  the  forthcoming 
Poseidon  missile  and  handling  equipment. 
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DISCUSSION 


Mr.  Fritz  (General  Electric  Co.):  Would  it 
be  possible  for  the  56  cps  liner  frequency  to 
excite  the  next  modal  frequency  of  the  missile? 
The  missile  apparently  had  frequencies  up  to 
49  cps.  The  next  flexural  mode  appeared  to  be 
around  55  cps. 

Mr.  Fischer:  It  is  perfectly  possible  but  it 
didr.^seem  to~sTiow  up  in  the  calculated  results. 
The  opposite  statement  applies.  The  first  mode 
in  the  missile  obviously  showed  up  in  the  liner. 
Tliat  definitely  occurred  and  apparently  it  was 
because  of  the  fact  that  the  first  mode  in  the 
missile  was  just  big  enough  in  amplitude. 

Mr,  Fritz:  Is  my  impression  correct  that 
on  the  missile,  only  the  modes  below  49  cps 
were  put  in? 

Mr.  Fischer:  That  is  correct,  we  didn't 
go  beyond  49  cps. 

Voice:  How  many  tests  were  run? 

Mr.  Fischer:  Impact  velocities  of  1,  2, 
and  3  fps  were  used.  They  tried  various  ways 
of  entering  the  funnel  guide  and  hitting  on  the 
outer  edge.  There  were  about  a  dozen  tests 
run.  For  purposes  of  comparison  we  only 

*  • 


looked  at  several  of  the  test  records.  The 
computer  solutions  are  available  for  future 
i.se,  and  I  think  we  might  be  inclined  not  to  do 
much  testing.  It  is  time  consuming  and  very 
expensive.  On  a  computer  you  can  go  tc  10  fps 
but  not  in  the  test.  It  would  wreck  things.  At 
10  fps  the  results  indicate  that  we  could  have 
used  small  angle  approximations.  This  sounds 
a  little  ridiculous  but  we  had  to  go  to  100  fps 
impact  before  we  got  to  large  enough  angles  so 
that  the  nonlinear  theory  took  over.  You  can  do 
that  on  a  computer. 

Voice:  Did  you  have  other  criteria  on  the 
Polaris  or  was  this  just  a  feasibility  study? 

Mr.  Fischer:  They  had  a  nominal  value  of 
something  like  1  g  allowable  on  the  reentry 
body.  That  was  not  exceeded  in  the  tests. 

These  missiles  are  loaded  very  carefully.  I 
did  not  witness  the  actual  submarine  loading 
tests.  It  was  all  we  could  do  to  get  those  crane 
operators  to  bump  the  thing.  As  soon  as  it  got 
close  they  would  get  cautious  and  we  wouldn't 
get  the  bump  we  wanted.  Some  of  the  test  in¬ 
formation  we  have  resulted  from  accidents. 

We  tested  the  shock  mounting  on  a  missile  one 
time  simply  because  the  cable  broke  and  the 
missile  dropped  down  into  the  launch  tube.  The 
shock  mounting  worked  well. 
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EMPIRICAL  CORRELATION  OF  FLIGHT 
VEHICLE  VIBRATION  RESPONSE' 


W.  H.  Roberts 

Martin-Marietta  Corporation 
Orlando,  Florida 


Objective  of  the  study  was  correlating  flight  vehicle  vibration  response  with  the  excita  ion  and 
flight  operating  conditions.  Emphasis  was  on  study  of  local  dynamic  properties,  as  previous 
studies  showed  local  response  to  be  a  dominant  variable.  The  sources  of  importance  were 
identified,  and  the  response  was  related  to  a  group  of  fundamentally  independent  variables  cho¬ 
sen  within  the  study  period.  The  target  was  to  reduce  the  prediction  error  by  half. 

The  technique  of  empirical  correlation,  is  a  powerful  analytical  technique  of  special  value  for 
complex  systems  where  no  adequate  theory  is  developed  but  much  input-output  data  has  been 
measured.  The  value  of  the  method  was  demonstrated  in  this  study,  where  the  errors  between 
measured  and  predicted  values  averaged  a  factor  of  1.5,  or  ±3.5  db,  a  considerable  advance 
over  previous  correlations.  Accuracy  targets  were  met  rather  easily.  Subdivision  of  data  ac¬ 
complished  this  with  little  new  material,  except  that  which  was  automatic  in  the  power  of  the 
method  of  regression  analysis. 

Influence  of  the  variations  in  con'  ^aration  is  apparent  in  the  data.  The  major  flight  environ¬ 
ment  and  source  of  vehicle  str’-.  ural  vibration  is  jet  turbulence  on  jet  aircraft  at  subsonic 
speeds.  A  major  change  takes  -lace  in  the  flight  regime  for  vehicle  velocities  greater  than 
sonic.  The  principal  exciters  ire  lost  and  lesser  ones  remain.  The  only  exceptions  to  expec¬ 
tations  of  lower  environments  and  responses  occur  with  (a)  vehicles  whose  aerodynamic  con¬ 
tours  are  poor,  and  (b)  vehicles  whose  propulsion  systems  generate  high  oscillatory  thrust 
components. 

With  few  exceptions  the  flight  vibration  levels  encountered  were  low.  The  maximum  response 
appearing  in  the  study  may  have  been  in  the  area  of  3  g,  a  local  response  deviating  from  the 
regression  line  which  called  for  less  than  0.5  g. 

A  study  of  the  local  responses  in  a  compartment  of  the  SM63  (Snark)  leads  to  a  basic  correla¬ 
tion  where  the  important  parameters  are  circumferential  attenuation  ar.d  local  m.  ss  Excita¬ 
tion  was  provided  by  an  acoustic  horn  outside  the  compartment.  Local  stiffness  appeared  to  be 
an  insignificant  variable.  The  standard  deviation  for  this  study  was  small,  ±Z  65  db,  or  a 
factor  of  1.36. 


INTRODUCTION 

The  dynamic  environments  pose  a  more 
severe  problem  each  time  increased  perform¬ 
ance  or  more  power  is  added  to  a  vehicle. 

These  dynamic  environments  are  the  source  of 
vehicle  vibration  in  flight.  Vibration  reaches 
levels  sufficient  to  destroy  structure  and  equip¬ 
ment  in  many  cases.  Therefore,  to  describe  the 
sources  and  to  predict  the  responses  is  an  im¬ 
portant  first  step  in  design.  Typical  vibration 
sources  include  jet  turbulence,  separated  flow, 


wakes,  base  press  fluctuations,  boundary -layer 
turbulence,  and  direct  engine  excitation. 

Excitation  includes  an  aerodynamic  patli 
such  as  that  followed  by  jet  turbulence  which 
originates  with  the  exhaust  gases.  Downstream 
turbulence  follows;  the  excitation  is  returned 
upstream  tc  the  vehicle  and  flows  over  the  ve¬ 
hicle  as  an  acoustic  field.  Excitation  also  can 
follow  a  mechanical  path  such  as  the  oscillatory 
thrust  of  the  propulsion  system  which  flows 
directly  through  structures.  The  resulting 


*Work  was  performed  under  contract  AF33(657)  -  8318  with  the  Aeronautical  Systems  Divisiot  ,  Wright  - 
Patterson  Air  Force  Base,  Ohio. 
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structural  responses  vary  from  pure  random 
motion  lor  structures  and  equipment  located 
close  to  a  random  excitation  to  the  filiered  out¬ 
put  of  highly  resonant  structures  which  emerge 
as  the  sum  of  several  sinusoids,  each  varying 
in  amplitude  and  phase. 

The  study  reported  here  was  conducted  with 
the  objective  of  correlating  structural  response 
with  the  excitation  and  flight  operating  condi¬ 
tions.  Emphasis  was  to  be  placed  on  the  study 
of  local  dynamic  properties,  as  previous  studies 
showed  local  response  to  be  a  dominant  vari¬ 
able.  The  sources  of  importance  were  to  be 
identified  and  the  response  related  to  a  group 
of  fundamentally  Independent  variables  to  be 
chosen  within  the  study  period.  The  accuracy 
target  was  to  reduce  the  prediction  error  by 
half:  from  a  standard  deviation  of  6  db  to  a  fac¬ 
tor  of  2  to  3  db,  or  a  factor  of  1.4.  All  aspects 
of  developing  a  method,  preparing  a  computer 
program,  and  locating  data  to  correlate  were 
part  of  the  program. 


BACKGROUND  AND  HISTORY 
OF  THE  PROBLEM 

For  the  last  10  years,  very  sophisticated 
studies  of  this  problem  hr.ve  been  undertaken. 
These  involved  study  of  the  acoustic  environment, 


use  of  structural  models  to  provide  a  prelimi¬ 
nary  design  tool,  empirical  correlation  of 
structural  response  with  the  sources  of  vibra¬ 
tion,  and  direct  analytical  attack,  with  perhaps 
an  undue  amount  of  work  on  the  turbulent 
boundary  layer  (Table  1). 

As  a  result,  the  qualification  of  structures 
and  equipment  can  proceed  in  an  orderly  man¬ 
ner  on  the  basis  of  uumbers  which  contain  only 
moderate  uncertainty.  Further,  the  customer 
can  receive  a  product  close  to  the  intended  item 
regarding  schedule,  cost,  performance,  and 
service  life. 

The  following  were  accomplished  during 
the  last  decade: 

1.  Understanding  of  the  physical  phenomena 
(jet  exhausts,  aerodynamics  excitation,  struc¬ 
tural  responses,  and  the  various  modes  of 
failure); 

2.  Development  of  adequate  acoustic 
facilities; 

3.  Understanding  of  random  vibration; 

4.  Experimental  solution  of  the  fatigue 
problem; 

5.  Qualification  programs  on  all  major 
systems; 


TABLE  1 

Relative  Older  of  Magnitude  of  External  Pressure  Fluctuations 


Source 

P  qa 

Approximate  Magnitude  of 
SPL  or  Equivalent  SPL 
for  q  =  8000  psf 
(db— re.  0.0002  dyne/cm2) 

Approximate 

Order  of 

Relative  Scale 
Magnitude 

Rocket  noise 

— 

160-166b 

Large  *  =  c/w 

Cavity  resonance c 

1.0 

to  206 

Smallest  cavity 
dimension 

Oscillating  shock 

0.20 

192 

Variable 

Separated  flow 

0.1 

179 

Depends  on  dimensions 
of  flow  separation 

Wakes  from  drag 
devices  or 
projections 

0.037 

169 

Given  by  dimensions 
of  wake 

Base  pressure 
fluctuations 

0.015 

163 

Large 

Normal  turbulent 
boundary  layer 

0.003-0.006 

155 

Very  small 

q  is  the  ratio  of  rms  pressure  fluctuation  to  dynamic  pressure. 

^Maximum  recorded,  172. 

cCavity  resonance  occurs  at  a  series  of  harmonically  related  discrete  frequencies;  all  other  sources 
have  broad  frequency  spectra. 
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6,  Variation  in  response  in  different  parts 
of  the  vehicle  was  incorporated  in  the  predic¬ 
tions  and  qualifications. 

Direct  analytical  attack  is  not  possible  in  most 
areas,  but  preparation  for  the  work  is  complete. 

The  first  correlation  development  in  this 
field  was  finding  that  the  ccckpit  acoustic  level 
is  proportional  to  the  dynamic  pressure.  The 
second  was  that  the  vibration  response  in  the 
vehicle  is  related  to  the  external  acoustic  field 
strength.  This  was  extended  to  cover  a  number 
of  vehicles  (Fig.  1). 

The  proportionality  between  force  and  re¬ 
sponse  varied  at  different  frequencies,  however, 
and  pursuit  ot  the  point  is  instructive.  At  high 
frequency,  a  2:1  increase  in  acoustic  pressure 
results  in  a  2:1  increase  in  response  for  all  ve¬ 
hicles.  Steep  gradients  in  pressure  exist  at 
both  low  and  high  frequencies  over  all  the  vehi¬ 
cles,  and  the  proportionality  between  force  and 
response  occurs  everywhere  on  the  vehicle  at 
high  frequency. 

At  low  frequency,  however,  a  different  phe¬ 
nomenon  is  present:  the  response  of  the  vehicle 
tends  to  be  a  constant,  because  the  vehicle  is 
transparent  to  low-frequency  passage  of  the 
excitation.  In  a  f  3nse,  this  is  an  attenuation 
phenomenon  that  required  careful  work  to  de¬ 
velop  (Fig.  2).  A  vibration  transmitted  through 
structure  from  a  point  of  strong  excitation  is 
greater  than  that  generated  by  the  local  excita¬ 
tion,  The  low-frequency  vibration  level  is 
sympathetic,  therefore,  to  the  highest  pressures 
on  the  surface,  no  matter  where  they  occur. 

The  attenuation  is  given  as  a  ratio  of  the  am¬ 
plitude  of  successive  peaks  (0.72  for  the  SM62 
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missile).  The  wave  motion  through  structure 
occurs  at  a  velocity  of  the  surface  waves  in  the 
manner  of  dispersive  waves,  with  typical  ve¬ 
locities  varying  from  2400  fps  at  1200  cps  to 
600  ips  at  100  cps.  In  the  case  studied,  the 
transmission  did  not  occur  at  the  velocity  of 
sound  in  the  material  (17.000  fps).  The  wave¬ 
lengths  associated  with  the  .notions  are  instruc¬ 
tive  and  assist  in  visualizing  the  attenuation 
effects.  The  wavelength  is  2  ft  at  1200  cps  and 
6  ft  at  100  cps. 

The  response  of  a  point  in  the  vehicle  re¬ 
quires  analytical  integration  of  the  excitation 
over  the  surface  of  the  vehicle.  The  significant 
input  becomes  the  transfer  functions  from  vari¬ 
ous  points  on  the  surface  to  the  receiver  point. 

At  low  frequency,  integration  is  only  required 
in  the  region  of  maximum  excitation,  and  at  high 
frequency  only  in  the  region  of  the  receiver. 

As  frequency  increases,  integration  over  suc¬ 
cessively  smaller  surface  areas  is  required. 

The  problem  is  significant  over  approximately 
8  octaves  from  20  to  10,000  cps. 

Model  studies  have  developed  other  aspects 
of  the  phenomena  shown  in  Figs.  3,  4.  and  5. 
Figure  3  shows  that  all  stiff  structures  such  as 
panels,  bulkheads,  decks,  and  floors  act  as  rigid 
links  in  transmitting  motion.  The  motion  is 
described  in  the  most  general  way  by  an  in¬ 
stantaneous  eerier,  and  all  parts  of  these  rela¬ 
tively  rigid  items  conform  in  one  motion.  Fig¬ 
ure  4  shows  thiit  the  responses  of  four  different 
longeron  sections  have  a  general  consistency, 
even  though  these  items  differ  in  cross-sectional 
area.  Figure  fi  shows  how  local  response  domi¬ 
nates  the  transmission  process.  Measurements 
within  a  few  inches  cf  a  fuselage  bulkhead  for¬ 
ward,  on.  and  aft  of  the  bulkhead  show  wide 
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variations  in  response.  A  considerable  body  of 
material  beyond  Fig.  5  shows  the  importance  of 
local  response  as  compared  to  the  transmission 
process. 


METHOD 

Statistical  inference  Includes  regression 
and  correlation  analyses.  A  regression  analy¬ 
sis  provides  a  relationship  between  ore  de¬ 
pendent  variable  and  several  independent  vari¬ 
ables.  The  relationship  is  estimated  by  the 
least-squares  methods  for  a  given  type  of  func¬ 
tion  such  as  linear,  polynomial,  trigonometric, 
or  exponential,  arbitrarily  chosen  in  advance. 
Linear  regression  admits  logarithmic  functions. 
Where  more  than  one  independent  variable  ex¬ 
ists,  the  regression  proceeds  in  steps.  The 
variables  are  tested  to  determine  which  variable 
will  collapse  the  scatter  to  the  greatest  extent. 
Successive  regressions  are  developed  until  all 
the  independent  variables  are  incorporated, 
which  permits  knowing  the  reduction  in  scatter 
accomplished  at  each  step. 

The  criterion  for  selecting  the  mose  useful 
relationship  at  each  step  may  be  described  also 
as: 

1.  The  variable  is  chosen  with  the  highest 
partial  correlation  with  the  dependent  variable. 

2.  The  variable  chosen  would  have  the 
highest  F  value. 

Variables  can  be  forced  into  the  regression  and 
later  removed.  Regression  equations  with  or 
without  the  regression  intercept  may  be  se¬ 
lected. 

The  output  of  the  regression  analysis  is  an 
equation  relating  the  independent  variables  to 
the  dependent  variables.  A  correlation  analysis 
measures  the  error  of  the  developed  equation. 

It  also  measures  the  de  nree  to  which  the  equa¬ 
tion  represents  the  sampled  population  and  the 
contribution  of  the  independent  variables  in 
reducing  the  variance  of  the  dependent  variable. 

From  basic  principles  the  acceleration  re¬ 
sponse  .nay  be  expected  to  follow  a  power  law 
variation.  A  choice  was  possible  which  de¬ 
scribes  (a)  the  flight,  (b)  the  possible  source 
strengths,  and  (c)  variables  peculiar  to  a  par¬ 
ticular  source  only,  to  acceptance  of  the  energy, 
or  to  the  structural  response.  An  end-to-end 
correlation,  if  successful,  would  provide  the 
greatest  information,  so  variables  describing 
the  flight  were  the  principal  ones  tested.  Spe¬ 
cifically,  dynamic  pressures.  Mach  number. 


engine  speed  and  vibration  frequency  were 
chosen  as  independent  variables.  A  possible 
relationship  between  the  variables  was  reasoned 
to  be 

Y  KX*‘ X^XjJ  X*4  .  (1) 

where 

Y  =  Acceleration  (g) 

K  =  Constant 
X.  =  Frequency  (cps) 

X,  =  Engine  speed  (rps) 

X,  -  Mach  number 

x«  =  Dynamic  pressure  (psf) 

A,  =  Exponents  to  be  determined. 

Taking  logarithms, 

4 

U  Y  A„  ■  V  A,  Ln  X;  (2) 

1  -  1 

This  log  linear  form  is  suitable  for  regression 
and  multiple  variable  correlation  analyses. 

The  regression  analysis  determines  the  con¬ 
stant  and  exponents  of  Eq.  (1). 


CORRELATION  ANALYSIS 

The  following  linear  function  estimates  the 
relationship  between  the  dependent  variable  Y 
and  the  independent  variables  X( 

»  -  N 

V'V  1]  K.tX,,  -  X,  1  j  l.i.  0) 

I  I 

Dependent  variable  V 

Independent  variables  X,.  X,  Xp. , 

Number  of  sets  of  observations  m 
Weighted  mean  of  ith  variable  X, 

The  error  of  the  estimate  of  the  ith  observed 
value  of  Y 


K  Y  t  >  N  H  X  i  l  j  ••  (4) 

I  1  , _ ,  II  * 
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The  correlation  analysis  minimizes  the  iength 
of  the  vector 


(r.e)  V  j  ( V -  -  Y)  -  Z  B ,(XS ,  - 


Taking  partial  derivatives  with  respect  to  B; 
and  equating  the  resuit  to  zero  results  in  the 
normal  equations: 


L 


Z  (XSj  -  Xj)  (Yj-Y).  (6) 


This  is  a  set  of  n  -  1  simultaneous  equa¬ 
tions  in  Bt ;  the  method  of  solution  used  is  the 
Gaussian  elimination  method.  At  each  stage  of 
the  elimination,  a  partial  regression  equation 
is  obtained.  At  each  step  one  equation  is  added 


conditions  on  the  variation  of  amplitude  with 
frequency  is  presented  for  the  B-52  (Fig.  10). 
The  mean  accelerations  for  all  aircraft,  all 
zones,  and  cruise  at  normai  power  are  pre¬ 
sented  in  Fig.  1 1 

The  principal  results  of  the  sti  dy  are 
shown  in  Figs.  12,  13,  and  14.  Amplitude  is 
presented  as  a  function  of  frequency,  Mach 
number,  and  dynamic  pressure.  The  data  con¬ 
tain  a  completely  unexpected  result  in  that  the 
responses  for  ail  vehicles  are  essentially  flat 
for  variations  in  either  q,  Mri,  or  engine  speed. 
On  the  surface,  this  iB  an  unreasonable  result. 
Accepting  the  daca  for  the  moment  and  pursuing 
their  possible  meaning  leads  to  the  foliowing 
reasoning: 

1.  If  the  response  does  not  vary  with  q  and 
M,  then  the  aerodynamic  excitation  is  not  the 
predominant  excitation. 

2.  The  primary  excitation  must  be  gener¬ 
ated  by  the  propulsion  system. 


RESULTS 

The  raw  data  for  the  F-101  are  presented 
in  part  in  Figs.  6  through  9.  The  effect  of  flight 


3.  It  cannot  be  mechanically  transmitted 
propulsion  system  excitation,  because  this 
would  increase  as  propulsion  power  Increases. 
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Fig.  6.  Ground  runup,  all  zones,  F~101A 
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Fig.  7.  Ground  runup,  mid  fuselage,  F-101A 


Ln  Kmium.  % 


Fig,  8.  Ground  runup,  aft  fuselage,  F-101A 
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Fig.  13.  Amplitude  vs  Mach  number,  P-58,  cruise  at  normal  power 


Fig  14.  Amplitude  vs  dynamic  pressure,  B-58,  cruise  at  normal  power 
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4.  By  elimination,  therefore,  the  excitation 
is  jet  turbulence.  By  reference  to  the  ground 
case,  jet  turbulence  would  increase  both  the 
excitation  and  response  as  engine  power  is  in¬ 
creased,  and  the  problem  resolves  itself  into 
comparing  tha  flight  environment  to  the  ground 
environment.  Are  there  alterations  in  the  flight 
environment  which  would  be  consistent  with  con¬ 
stant  response?  (The  data  contain  a  constraint 
concerning  engine  power.  The  only  power 
changes  occurring  in  the  data  which  are  subject 
to  analysis  are  those  associated  with  stabilized 
flight.  Rapid  power  changes,  while  q  and  Mn 
remain  essentially  constant,  were  not  recorded.) 

5.  The  location  of  the  mixing  zone  moves 
further  downstream  as  the  vehicle  speed  in¬ 
creases.  Also,  as  the  M„  is  increased,  the 
ability  of  the  pressure  pulsations  in  the  mixing 
zone  to  be  transmitted  forward  to  the  vehicle 
decreases  for  two  reasons:  the  increased  dis¬ 
tance  downstream,  and  the  lesser  ability  to 
broadcast  power  upstream  against  the  higher  Mr 
stream. 

The  conclusion  is  that  though  the  acoustic 
power  has  increased  as  a  result  of  the  increased 
engine  power  required  at  higher  q  and  Mn ,  the 
excitation  reaching  the  vehicle  has  not  increased 
correspondingly.  It  is  reasonable  to  accept  the 
output  of  the  study,  therefore,  and  to  conclude 
that  the  principal  excitation  in  jet  aircraft  at 
subsonic  speed  is  jet  turbulence  —  the  same 
principal  excitation  that  occurs  on  the  ground. 

The  possible  sources  of  vibration  are  known, 
and  were  eliminated  except  for  jet  turbulence. 
The  remaining  source  was  examined  to  deter¬ 
mine  whether  its  known  characteristics  would 


support  the  finding.  The  gross  characteristics 
of  the  remaining  source  were  shown  to  be  con¬ 
sistent  with  the  measurements  and  correlations. 

Other  significant  outputs  of  this  study  were 
contained  in  two  reports  [1,2]  which  give  the 
complete  data  and  resultant  predictions  and  a 
well-rounded  discussion  of  empirical  correlation. 

Local  dynamic  response  was  studied  in 
several  ways.  Impedance  measurements  were 
taken  at  12  points  on  the  SM62  vehicle.  More 
acoustic  and  vibration  work  has  been  accom¬ 
plished  on  this  missile  than  any  other  flight 
structure  because  of  the  40-g  vibration  lev*  Is 
imposed  on  the  electronics  of  the  guidance  sys¬ 
tem;  this  work  can  be  tied  into  many  previous 
studies. 

In  addition,  a  compartment  of  the  same  ve¬ 
hicle  was  chosen  for  intensive  study  and  meas¬ 
urements  of  its  local  parameters  were  made  to 
determine  whether  obvious  changes  in  stiffness 
and  mass  were  affecting  local  response.  The 
excitation  for  these  studies  was  an  acoustic  horn 
broadcasting  random  power  to  the  external  sur¬ 
face  of  the  compartment.  The  results  (Figs.  15 
through  19)  show  raw  data,  successive  separate 
correlations  against  circumferential  distance, 
stiffness  and  mass,  and  a  final  correlation 
against  mass  and  distance.  Responses  were  in¬ 
sensitive  to  structural  stiffness.  The  circum¬ 
ferential  attenuation  occurs  at  the  same  rate  as 
the  longitudinal  attenuation.  The  standard 
deviation  betv.een  measured  and  predicted  values 
would  be  leus  than  35  percent  of  t2.7  db.  This 
same  low  error  would  not  appiy  necessarily  to 
the  use  of  these  data  on  another  structure. 

Also,  the  prediction  is  after  the  fact. 


Fig.  15.  Circumferential  vibration  attenuation,  SMtiZ 
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Y  (Acceleration  overall  db) 


Fig.  16.  Amplitude  vs  relative  stiffness, 
normalized  data,  SM62 
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Circumferential  vibration  attenuation,  normalized  data,  SM62 
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Fig.  19.  Circumferential  vibration  attenuation, 
including  variation  and  mass,  SMb2 


The  influence  of  the  widely  differing  con¬ 
figurations  is  traceable  in  the  results  for  the 
various  vehicles.  Four  main  features  appear 
in  the  different  configurations: 

1.  Underwing  locations  of  the  engines  on 
the  delta-winged  B-58 

2.  Wing  location  of  the  B-52  engines 

3.  Direct  exposure  of  the  fuselage  structure 
on  tne  F-101 

4.  Conventional  configuration  on  the  F-102 
and  F-106 


CONCLUSIONS 

This  paper  demonstrates  the  usefulness  of 
the  method  of  empirical  correlation  and  the 
proper  physical  interpretation  of  the  statistical 
results.  System  complexity  is  ignored;  the 
system  may  be  treated  as  an  unknown  black  box. 
At  lace  value  the  statistical  results  would  be 
quite  paradoxical,  but  examination  showed  that 
the  story  given  was  reasonable.  Significant 
amounts  of  data  were  extracted  short  of  devel¬ 
oping  an  adequate  theory.  Sources,  sensitivities, 
mechanisms,  and  physical  understanding  were 
typical  of  information  extracted. 

Comparisons  with  theoretical  approaches 
to  the  problem  may  be  made  by  the  use  of  Refs. 

3  through  6. 

The  technique  of  empirical  correlation  is  a 
powerful  analytical  technique  of  special  value 
for  complex  systems  where  no  adequate  theory 
is  developed  but  much  input-output  da'a  has 
been  measured.  The  value  of  the  method  was 
demonstrated  iri  this  study,  where  the  latios  of 
measured  and  predicted  values  averaged  1.5, 
or  1 3.5  Ub,  a  considerable  advance  over  previ¬ 
ous  correlations. 

The  development  of  an  adequate  theory  is 
the  ultimate  objective.  This  and  similar  studies 


have  progressed  to  the  point  where  a  di.ect  ap¬ 
proach  is  possible  and  desirable. 

The  data  over  widely  difiering  configura¬ 
tions  are  amazingly  consistent  in  terms  of  am¬ 
plitude  and  variation  with  the  key  parameters. 
The  accuracy  targets  of  the  study  were  met 
rather  easily.  Subdivision  of  data  accomplished 
this  with  little  new  material,  except  that  which 
was  automatic  in  the  power  of  the  method  of  re¬ 
gression  analysis. 

Influence  of  the  variations  in  configuration 
is  apparent  in  ihe  data.  The  major  flight  envi¬ 
ronment  and  source  of  vehicle  structural  vibra¬ 
tion  is  jet  turbulence  on  jet  aircraft  at  subsonic 
speeds.  A  major  change  takes  place  in  the  flight 
regime  for  vehicle  velocities  greater  than  sonic. 
The  principal  exciters  are  lost  and  lesser  ones 
remain.  The  only  exceptions  to  expectations  of 
lower  environments  and  responses  occur  with: 

1.  Vehicles  whose  aerodynamic  contours 
are  poor; 

2.  Vehicles  whose  propulsion  systems  gen¬ 
erate  high  oscillatory  thrust  components. 

Boundary-layer  turbulence  is  significant  only 
when  neither  of  the  above  conditions  applies. 

With  few  exceptions  the  flight  vibration 
levels  encountered  were  low  The  maximum 
response  appearing  in  the  study  may  have  been 
in  the  area  of  3  g,  a  local  response  deviating 
from  the  regression  line  which  called  for  less 
than  0.5  g. 

A  study  of  the  local  responses  in  a  com¬ 
partment  of  the  SM62  leads  to  a  tasic  correla¬ 
tion  where  the  important  parameters  are  cir¬ 
cumferential  attenuation  and  Iocj.1  mass. 
Excitation  was  provided  by  an  acoustical  horn 
outside  the  compartment.  Local  stiffness  ap¬ 
peared  to  be  an  insignificant  variable.  The 
standard  deviation  for  this  study  was  small, 
*2.65  db,  or  a  iactor  of  1.36. 
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DISCUSSION 


Mr.  Glaubitz  (Naval  Research  Laboratory):  Mr.  Glaubitz:  Do  you  have  any  idea  whether 

You  spoke  of  high  frequency  vibrations,  but  I  the  levels  rise  above  that? 

believe  your  charts  showed  only  500  cps. 

Mr.  Roberts:  Many  studies  have  shown  that 
Mr.  Roberts:  These  data  were  recorded  the  acceleration  level  does  continue  to  rise,  but 

with  a  velocity  pickup  and,  although  the  data  this  generally  affects  only  smaller  components, 

are  probably  good  to  1  kc,  the  study  was  limited  For  the  large  structures,  the  important  fre- 

to  500  cps.  quency  band  is  below  500  cps. 

*  *  * 
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VIBRATION  DATA  SUMMARY  OF  MINUTEMAM  WING  VI 
FLIGHT  TEST  MISSILES 


Robert  R.  Burnett  and  Robert  E.  Morse 
TRW  Systems 
Redondo  Beach,  California 


Vibration  data  reduced  by  TRW  Systems  from  15  Minuteman  Wing  VI 
flight  test  missiles  and  3  test  missiles  from  a  special  flight  teat  pro¬ 
gram  are  summarized.  Included  are  data  from  measurement  locations 
throughout  the  missile.  Vibration  instrumentation,  equipment  configu¬ 
ration  and  data  analysis  techniques  are  outlined.  Profiles  of  the  rms 
vibration  as  a  function  of  flight  time,  as  well  as  PSD  analyses,  are  in¬ 
cluded  when  applicable. 

These  data  are  used  to  (a)  verify  the  estimated  environment  used  to 
derive  dynamic  test  specifications;  (b)  measure  the  vibration  along  a 
transmission  path  for  use  in  determining  modes  and  transfer  functions; 
(c)  measure  the  response  of  equipment  on  structures  to  the  vibration 
environment;  (d)  aid  in  guidance  error  analysis,  (e)  extrapolate  to  later 
Minuteman  Wing  environments,  (f)  establish  structure  load  criteria, 
and  (g)  aid  in  flight  failure  analyses. 


INTRODUCTION 

This  report  presents  a  comprehensive  sum¬ 
mary  of  the  vibration  data  analyzed  by  TRW 
Systems  from  measurements  flown  on  the  Min¬ 
uteman  Wing  VI  flight  test  missiles  (FTM's) 
and  from  three  flight  test  missiles  from  a  spe¬ 
cial  program.  These  FTM's  include  18  flights, 
446  through  463;  446,  447,  and  448  flew  in  the 
special  program  called  the  Fly-3  Program. 

This  special  program  evaluated  the  Wing  VI 
Stage  n  liquid  injection  thrust  vector  control 
(LITVC)  system  under  flight  conditions.  Data 
are  included  from  transducers  at  41  locations 
or  orientations.  Most  of  the  measurements 
were  flown  more  than  once.  The  total  number 
of  individual  vibration  measurements  flown  was 
114.  The  data  are  presented  by  missile  section 
starting  from  the  forward  end  (reentry  vehicle 
section)  and  moving  down  the  missile  toward 
the  first  stage. 

Included  here  is  a  discussion  of  the  instru¬ 
mentation  calibration  and  data  analysis  tech¬ 
niques.  The  vibration  data  are  presented  in 
various  forms:  rms  acceleration  (rms  g)  level 
vs  flight  time  plots;  broad-band  PSD  analyses, 
and  narrow-band  PSD  analyses  when  applicable; 
and  vibration  oscillograph  traces.  The  loca¬ 
tions  of  the  transducers  are  illustrated  in  Ap¬ 
pendix  A  by  photographs  and  sketches  of  the 
equipment. 


A  summary  of  vibration  data  tcJcen  from 
Minuteman  Wing  I  flight  test  missiles  appears 
in  Ref.  |1).  The  report  here  complements  those 
data  and  presents  further  information  on  the 
Minuteman  dynamic  environment.  Two  signifi¬ 
cant  configuration  changes  in  the  Minuteman 
Wing  VI  necessitate  a  complete  redefinition  of 
the  equipment  environment  in  the  Stage  II  motor 
area  and  in  the  guidance  and  control  area.  At¬ 
tention  was  focused  upon  these  two  areas  in  this 
program. 


MEASUREMENT 

A  total  of  114  measurements  sampling  the 
vibration  environment  at  41  locations  or  orien¬ 
tations,  or  both,  were  flown  on  15  Wing  VI 
FTM's  and  three  FTM’s  from  the  Fly-3  Pro¬ 
gram.  Each  location  and  orientation  has  been 
assigned  a  separate  number.  Each  measure¬ 
ment  is  identified  by  missile  section  in  the 
number  assignment.  Figure  1  is  an  exploded 
view  of  a  Wing  VI  FTM  showing  the  missile 
sections  with  numbers  of  the  sections.  Table  1 
lists  the  measurement  numbers  by  missile  sec¬ 
tion  and  gives  the  location  as  closely  as  possi¬ 
ble.  In  addition,  the  significance  of  the  meas¬ 
urement  location  (e.g.,  the  missile  guidance  and 
control  computer.  D37,  measurements  describe 
the  vibration  input  to  the  computer  unit)  is  shown 
by  listing  each  measurement’s  objective.  Table  2 
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TABLE  l 

Vibration  Measurement  Information 


Missile 

Sec  tiufl 

Mr  *i»  ,r« 

me  fit 

Number 

Location* 

-  -  -  -  -  - _ _ 

Figure 
Number 
lApp.  A) 

Measurement  Axia 

"  '  i 

Responsible 

Contractor 

Objective  nf 
Measure  me  p.tsb 

41 

VtHOI 

Lockout  awitcti  moulting  bracket  at  130-deg  unmuth.  R  *  4  in. 

None 

Longitudinal 

R  V  Contractor 

C 

42 

V2H01 

Base  of  D3"  Computer .  outboard  mounting  foot  at  memory  end 

A-  x 

0-  to  180- deg  lateral 

Autcnetirs 

A 

42 

V2H02 

Baas  of  D37  computer,  outboard  mount  trig  foot  at  memory  end 

A-  I 

90-  to  270-deg  lateral 

Autonetics 

A 

42 

V2H03 

Bate  of  D37  computer,  outboard  mounting  foot  at  memory  end 

A- 1 

Longitudinal 

Autonetirs 

A 

42 

V2V01 

G  and  C  section,  SS  80  8  deg 

A- 1 

Longitudinal 

Autonetics 

B 

« 

V2P01  !G  and  C  1MU  platform,  parallel  to  p'atlorm  a"  z"  plane 

A*  4 

30  deg  from  x"  platform 
axia 

Aut  one  tics 

n 

V2P02 

C  and  C  IML'  filiform 

A- 4 

Parallel  to  y "  platform 
axis 

Autonetics 

D 

42 

V2P03 

G  and  C  1MU  platform,  parallel  to  platform  x  z"  plane 

A-4 

30  deg  lrom  z"  platform 

axts 

Aur  emetics 

D 

« 

V2P0S 

G  and  C  1MU  aupport  bracket  cap  at  130-deg  azimuth 

A- 8 

Longitudinal 

Autonetica 

A 

42 

V2P05 

G  and  C  1MU  base,  external  aurface,  R  4  in  at  90- deg  azimuth 

A-  1 

90-  to  270- deg  lateral 

Autonetics 

C 

42 

V2PC6 

G  and  C  IML  aupport  bracket  cap  at  130-deg  azimuth 

A- 6 

90-  to  27u-deg  lateral 

Autonetics 

A 

42 

V2P07 

G  and  C  IML  aupport  bracket  cap  at  130-deg  azimuth 

A-0 

0-  to  180-drg  lateral 

Autonetica 

A 

42 

V2PU8 

G  and  C  1MU  base,  external  aurlace.  R  *  4  in.  at  90-deg  azimuth 

A-l 

0-  to  160-deg  lateral 

Autonetics 

C 

42 

V2U01 

Base  of  P92,  inboard  mounting  loot 

A- 1 

0-  to  180*  deg  lateral 

Autonetics 

A 

42 

V2U02 

Baae  of  P92,  inboard  mounting  foot 

A-  I 

Longitudinal 

Autonetics 

A 

42 

V2U03 

Base  ol  P92.  inboard  mounting  loot 

A-l 

90-  to  270-  deg  lateral 

Autonetica 

A 

44 

V4U01 

Stage  HI  actuator  arm  4  near  actuator.  R  i2  in. 

A- 7 

135-  to  315-deg  lateral 

Autonetics 

C 

44 

V4U02 

Siage  fO  actuator  arm  4  near  actuator,  R  *  12  in. 

A-7 

Longitudinal 

Autonetica 

c 

44 

V4U03 

Stage  n  NCU  base  on  side  near  Junction  of  APS  cover  and  base  at 

3 15- deg  azimuth 

A- 7 

45-  to  225-deg  lateral 

Autonetics 

A 

44 

V4U04 

Stage  m  NCU  actuator  arm  4  near  junction  oi  arm  and  base  at 

R  -  0  In. 

A-7 

Longitudinal 

Autonetics 

C 

44 

V4U05 

Stage  m  NCU  oaae,  on  side  near  junction  Of  APS  rover  and  base  at 
315-deg  azimutn 

A- 7 

135-  to  315-deg  lateral 

Autonetics 

A 

44 

V4U0® 

Stage  HI  NCU  Mse.  on  side  near  junction  of  APS  cover  And  base  at 

3 25- deg  azimuth 

A- 7 

Longitudinal 

Autonetics 

A 

45 

V5A02 

n-III  interstage  aft  on  G  and  C  angular  accelerometer  rack 

None 

Longitudinal 

Boeing 

c 

4® 

A901V 

Roll  control  gaa  generator 

A-8 

Radial 

Aerojet 

c 

4® 

A 902  V' 

Thrust  vector  nozzle 

A- 8 

Radial 

Aerojet 

c 

40 

A903V 

Thrust  vector  nozzle 

A-8 

Longitudinal 

Aerojet 

c 

46 

A904V 

Support  structure  for  L1TVC  gaa  generator 

A-9 

Radial 

Aerojet 

A 

46 

ABObV 

Support  structure  lor  UTVC  gas  generator 

A-» 

Longitudinal 

Aerojet 

A 

46 

V6G01 

LIT  VC  ;jas  generator 

A- 10 

135-  to  315-deg  lateral 

Aerojet 

c 

46 

V6C02 

LIT  VC  gaa  generator 

A  10 

Longitudinal 

Aerojet 

c 

46 

V6T01 

UTVC  injector  mounting  pad  on  thrust  mizzle  ai  0-deg  azimuth 

All 

Longitudinal 

Aerojet 

A 

46 

V8T02 

L1TVC  injector  mountin',  pad  on  thrust  nozzle  at  0-deg  azimuth 

A- 11 

0-  to  180- deg  lateral 

Aerojet 

A 

46 

V6T03 

Roll  control  valve  at  107-deg  azimuth 

A- 12 

17-  to  197-deg  lateral 

Aerojet 

C 

46 

V0TO4 

Roll  control  valve  at  107- deg  aztmuth 

A-  !2 

107-  to  287- deg  lateral 

Aerojet 

c 

46 

V0TO5 

LITVC  system  pressure  relief  valve  parille !  Jo  pintle 

A-  10 

Tangent 

Aerojet 

c 

46 

V6U01 

ACT  electronics  base  at  45-deg  azimuth 

A- 13 

Longitudinal 

Autonetics 

c 

4® 

V6U02 

ACI  electronic*  base  at  45-deg  azimuth 

A- 13 

45-  to  225-deg  lateral 

Autonetics 

c 

4® 

V6U03 

AC1  electronics  base  at  45-deg  azimut.i 

A- 13 

135-  i.  315-deg  lateral 

Awtonefrs 

c 

4o 

V0UO1 

Stage  i  actuator  arm  1  near  actuator 

A- 14 

135-  to  315-deg  lateral 

Autonetics 

c 

1  46 

V0UO2 

Stage  1  actuator  arm  1  near  actuator 

A-  14 

Longitudinal 

Autonetir* 

c 

1  48 

V0LO3 

Stage  1  actuator  arm  1  near  NCU  base 

A- 14 

Longitudinal 

Autonetics 

c 

Note  fV 

lh  crystal 

And  strain- jage  hi «:eir r"rr.»tr rs  w err  fluwn.  but  data  from  the  latter 

are  !;<•!  g 

ivfn  here 

*nd  C  jju»d*nce  And  <>>ntrM  IML'  in*»ti*l  meat'i reweni  unit  NfJC  nor.xle  control  uml  ACI  attitude  control  APS  •  auxiliary  power  supply. 

t>A  verify  estimated  environment  v.  aita<l>ment  pi  out  •!  a  piece  of  rqiipn*fil.  P  meiiurr  vibration  At  a  point  ailing  the  trintmmnm  pat.i  f>r  nr  in  deter' 
mtmrg  it;  'dr*  And  transfer  funct..  n*  C  measure  response  ■  •  f  equipment  to  vibration  envi-onn  «nt  1)  guidance  error  .analysis 


TABLE  2 

Vibration  Measurement  Index 


Figure  Number 

Measure¬ 

ment 

Number 

Operational  on  FTM's 

Rms  g 
vs 

Time 

Broad-band 

PSD 

Analyses 

Narrow-band 

PSD 

Analysis 

Decaying 

Sinusoidal 

Shock 

Response 

V1W01 

462 

4 

. .  . — ' 

— 

5 

V2H01 

453,  454.  461 

6 

9 

13 

16 

V2H02 

453,  459,  460,  462 

7 

10,  11 

14 

17 

V2HC3 

451,  457,  463 

8 

12 

15 

18 

V2M01 

455,  458 

19 

20 

21 

22 

V2P01 

499,  450,  453,  455,  458,  461,  463 

23 

26 

— 

30 

V2P02 

449,  452,  454,  456,  459,  462,  463 

24 

27 

29 

31 

V2P03 

449,  451,  452,  457,  458,  459,  463 

25 

28 

— 

32 

V2P04 

450,  454,  457,  461 

33 

36,  37. 

38,  39, 

40 

43 

46 

V2P05 

452 

49 

51 

53 

55 

V2P06 

452,  456,  460,  462 

34 

41 

44 

47 

V2P07 

453.  459 

35 

42 

45 

48 

V2P08 

451 

50 

52 

54 

56 

V2V01 

450,  455 

57 

60 

64 

67 

V2V02 

451,  457.  460,  461,  462 

58 

61.  62 

65 

68 

V2U03 

456 

59 

63 

66 

69 

V4U01 

449 

— 

— 

— 

70 

V4U02 

450,  460 

— 

— 

— 

71 

V2U03 

454 

— 

— 

— 

72 

V2U04 

455 

— 

— 

73 

V2U05 

456 

— 

— 

74 

V4U06 

458 

— 

— 

_ 

75 

V5A02 

455,  456 

— 

— 

— 

76 

V6G01 

450,  453,  456,  458,  459 

—  j 

— 

— 

77 

V6G02 

452,  454,  457 

— 

— 

— 

78 

V6T01 

449,  450,  454,  460,  461,  462,  463 

79 

80 

— 

82 

V6T02 

449,  452,  457,  459,  461 

— 

81 

— 

83 

V6T03 

449,  451,  455,  458,  462 

84 

85 

86 

87 

V6T04 

451,  455 

— 

— 

— 

88 

V6T05 

453,  456,  457,  463 

89 

— 

90 

91 

V6U01 

450,  454,  459 

— 

— 

— 

94 

V6U02 

451,  453,  459 

— 

92 

J3 

95 

V6U03 

458,  460 

- 

— 

— 

96 

V8U01 

449 

— 

— 

— 

97 

V.3U02 

450 

— 

— 

— 

98 

VbU03 

460 

— 

— 

- 

99 

A901V 

446,  447,  448 

— 

— 

— 

— 

A902V 

446,  448 

— 

- 

- 

— 

A903V 

447 

— 

- 

— 

A904V 

446,  447 

1 

- 

— 

A905V 

443 

l - - — - 

— 

— 

— 

Note. --Dash  indicates  no  data  reduced. 


lists  the  measurements  in  numerical  order,  and 
enumerates  the  FTM's  on  which  the  measure¬ 
ment  was  flown.  Data  plots  and  oscillograph 
traces  of  the  transducer  locations  are  listed. 


FLIGHT  INSTRUMENTATION 

Wing  VI  vibration  measurements  were 
taken  using  piezoelectric,  and  in  some  cases, 
strain-gage  accelti  'meters.  The  various  mod¬ 
els  used  by  the  associate  contractors  are  out¬ 
lined  in  Table  3.  (Data  from  the  piezoelectric 
accelerometers  only  are  reported  here.) 

The  data  were  transmitted  on  channels  12, 
13,  C,  and  E  of  standard  ERIG  FM/FM  telemetry 
systems.  The  channels  used  had  standard  IRIG 
frequency  responses  of  160,  220,  1200,  and  2100 
cps,  respectively.  It  should  be  pointed  out  that 
there  was  no  intentional  frequency  limiting  at 
the  input  of  the  voltage-controller  oscillator 
(VC O).  It  was  thus  possible  to  analyze  high  vi¬ 
bration  frequency  components.  However,  fre¬ 
quencies  above  the  DUG  standards  have  a  lower 
VCO  modulation  index.  The  entire  data  acqui¬ 
sition  system  from  accelerometer  to  ground 
receiving  station  is  shown  in  Fig.  2. 

CALIBRATION  PROCEDURE 

Calibration  of  the  acceleration  (±g)  peak 
corresponding  to  plus  and  minus  percentage 
deviation  of  the  telemetry  snbearrier  frequency 
was  supplied  to  TRW  by  Boeing  Atlantic  Test 
Center  (BATC).  The  calibration  procedure  was 
as  follows: 

1.  The  contractor  responsible  for  the 
measurement  performed  a  calibration  on  the 


combination  of  accelerometer,  flight  cable,  and 
amplifier  while  vibrating  the  accelerometer  at 
20  percent  Increments  of  the  specified  ampli¬ 
tude,  and  at  frequencies  of  20,  100,  400,  1000, 
and  2000  Hz.  Then,  simulation  currents  were 
appiied  through  the  transducer  calibration  re¬ 
sistor  simulating  the  stimulated  values  above. 

To  be  accepted,  stimulation  and  simulation  at 
all  five  levels  must  agree,  rhe  combination  of 
accelerometer,  flight  cable,  and  amplifier  was 
then  lnstalle  '  for  a  particular  vibration  meas¬ 
urement. 

2.  At  the  A  l  ie  Missile  Range  (AMR), 
BATC  performed  at  end-to-end  simulation  cali¬ 
bration  on  each  vehicle  measurement,  using  the 
same  simulation  levels  and  frequencies  as  pre¬ 
viously  conducted  in  the  laboratory.  The  simu- 
tion  provided  a  peak  g  vs  VCO  frequency  cal¬ 
ibration  and  a  frequency  response  calibration 
for  the  telemetry  system. 

The  percentage  of  telemetry  channel  band¬ 
width  of  each  calibration  step  and  Its  corre¬ 
sponding  value  in  peak  g's  were  supplied  to 
TRW.  These  data  were  extrapolated  by  TRW 
to  give  the  peak  g  value  of  the  full  channel 
bandwidth. 

DATA  ANALYSIS 
General 

The  vibration  data  included  here  were  ana¬ 
lyzed  using  four  processes:  oscillograph  traces, 
rms  g  vs  Ilight  time  analyses,  narrow-band  PSD 
analyses,  and  broad-band  PSD  analyses.  The 
instruments  used  to  perform  these  analyses 
were,  respectively,  a  Vlsicorder  model  1012, 
the  Mosely  logarithmic  converter  model  1560A 


TABLE  3 

Accelerometer  and  Amplifier  Models 


Cor.tr  actor 

Responsibility 

Accelerometer 

Amplifier 

Aerojet 

Stage  II  motor 

Endevco  2242M5A 

Endevco  2633M5B1 

Autonetics 

G  and  C,  Stage  I, 
II,  and  HI  NCU's 

Endevco  2242M5A 

EDC  2-210-2 

A  vco 

Reentry  vehicle 

Endevco  2213M5 

Wurlitzer  1204 

Boeing 

Overall  airframe 

Endevco  2242M5A 

Endevco  2633M5B1 
EDC  2-210-2 

Hercules 

Stage  HI  motor 

Endevco  2242M5A 

Endevco  2633M5B1 
EDC  2-210-2 

Thioko! 

Stage  I  motor 

Endevco  2242M5A 

Endevco  2620 

_ 
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coupled  to  an  Electronics  Associates  Incorpo¬ 
rated  (EAI)  x-y  plotter  model  110,  a  Davies 
0-2000  Hz  automatic  wave  analyzer,  and  a  Visi- 
corder  recorder  (model  1012).  A  second  sys¬ 
tem  of  instrumentation  to  obtain  the  rins  plots, 
consisting  of  an  rms  meter  rectifier  circuit  of 
the  Bruel  and  Kjaer  (Bfc  K)  spectrum  analyzer 
coupled  to  a  Sanborn  recorder,  was  used  on 
some  of  the  flights.  A  schemaMc  outlining  the 
data  reduction  processes  is  shown  in  Fig.  3. 


Discriminator  Output  Filter 

As  the  data  were  played  back,  they  were 
filtered  through  a  low-pass  output  filter.  The 
upper  limit  of  the  filter  was  a  function  of  the 
FM/FM  telemetry  channel  on  which  the  data 
were  transmitted,  or  the  destination  of  the  sig¬ 
nal  in  the  data  reduction  process,  or  both. 
Generally,  the  following  criteria  were  used  in 
choosing  the  filter: 

1.  The  IRIG  recommended  filter  for  FM/FM 
channel  E  (0  to  2100  Hz)  was  used  if  the  data 
were  transmitted  on  channels  C  (0  to  1200  Hz) 
or  E. 

2.  The  IRIG  recommended  filters  were 
used  when  analyzing  data  transmitted  on  chan¬ 
nels  12  and  13  (160-  and  220-Hz  cutoff  filters, 
respectively). 

3.  On  oscillograph  runs  where  definition  of 
low  frequencies  was  desired,  an  appropriate 
filter  having  a  lower  cutoff  was  employed. 


Oscillograph  Recordings 

Measured  vibrations  of  the  entire  flight 
were  initially  reproduced  in  Greenwich  mean 
time  (GMT)  flight  time  on  oscillograph  traces 
for  quick-look  examination.  Additional  traces 
of  the  data  were  requested,  if  needed,  to  define 
the  frequenc  ies  better  by  varying  the  paper 
speed  or  discriminator  output  filter,  or  both. 
The  following  ’numbers”  were  acquired  from 
these  traces: 

1.  The  peak  g  amplitudes  of  all  excitation 
of  a  transient  nature  (i.e.,  100-msec  duration); 

2.  The  dominant  frequencies,  if  any,  of 
said  vibrations; 

3.  The  rms  g  level  at  liftoff  for  all  ol  the 
rms  g  analyses.  This  vas  necessary  since  the 
averaging  time  of  the  rms  system  was  too  long 
to  respond  accurately  to  the  short  duration 
(-100  msec)  vibration  experienced  at  liftoff. 


The  rms  g  level  was  determined  b7  assuming 
the  data  to  have  a  Gaussian  distribution  limited 
to  3  a  peaks.  This  being  the  case,  the  rms  g 
level  was  taken  as  one  third  of  the  peak  g 
amplitude. 

In  addition  to  the  above  information,  the 
traces  were  used  to  Identify  areas  of  question¬ 
able  data  and  periods  of  sustained  vibration.  If 
periods  of  sustained  random  vibration  existed, 
the  times  for  performing  narrow-band  PSD 
analyses  were  chosen  during  these  periods,  and 
an  rms  g  analysis  of  the  data  was  performed  to 
determine  the  time  history  cf  the  rms  g  level 
during  the  flight. 


Rms  g  Analyses 

The  rms  g  time  history  analyses  were  per¬ 
formed  only  on  measurements  experiencing 
periods  of  sustained  vibrations;  e.g.,  Mach  1 
and  max  q  periods.  The  analyses  were  pro¬ 
duced  by  using  the  signal  from  the  discrimina¬ 
tor  as  an  input  to  the  rms  meter  of  the  B  &  K 
spectrum  analyzer.  The  dc  output  of  the  meter 
was  amplified  and  reproduced  as  a  heated  stylus 
strip  chart  by  the  Sanborn  recorder.  The  rms  g 
as  a  function  of  flight  time  was  read  directly 
from  these  charts  and  replotted.  The  overall 
avt  raging  time  constant  of  the  system  was  0.2 
sec.  For  some  flights  (FTM’s  446,  447,  449, 
450,  451,  454,  455,  and  459)  the  discriminator 
signal  was  fed  to  the  Mosely  logarithmic  con¬ 
verter  coupled  to  the  EAI  x-y  plotter. 


Narrow-Band  PSD  Analyses 

Narrow-band  PSD  analyses  were  performed 
for  periods  when  a  relatively  high  sustained 
random  vibration  remained  qua  si -stationary  for 
2  sec  or  longer.  Only  two  periods  during  the 
flight  fit  this  description:  reaching  the  speed 
of  sound  (Mach  1)  and  reaching  maximum  dy¬ 
namic  pressure  (max  q). 

Only  a  small  minority  of  the  instrumented 
measurement  locations  experienced  significant 
vibration  during  these  periods  and  was  also 
transmitted  on  telemetry  channels  of  sufficient 
frequency  response  (i.e.,  channels  C  and  E)  to 
permit  the  performance  of  meaningful  analyses; 
hence,  narrow-band  analyses  were  limited  to 
measurements  at.  these  locations. 

As  mentioned  above,  the  time  periods  for 
the  analyses  were  chosen  from  the  oscillograph 
traces.  The  data  were  played  back  during  the 
period  of  interest  through  a  standard  channel  E 
discriminator  output  filter  (0  to  2100  Hz)  and  a 
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tape  loop  dubbed.  Loop  lengths  of  either  2  or  3 
sec  were  used  consistently,  depending  on  the 
stationary  quality  of  the  data.  The  data  on  the 
loop  were  then  analyzed  by  tt,e  Davies  wave 
analyzer  from  0  to  2000  Hz.  However,  *  ’cause 
of  inherent  characteristics  o!  the  Davies  instru¬ 
ment,  the  data  under  30  Hz  are  not  considered 
reliable.  A  filter  bandwidth  of  6  Hz  was  used 
with  sweep  rates  of  3  and  2  Hz/sec  for  2-  and 
3-sec  loops,  respectively.  The  resulting  charts 
were  read  directly  in  gJ/Hz  with  the  use  of  a 
multiplicative  calibration  constant  and  were  re¬ 
plotted  on  a  more  desirable  log-log  scale.  For 
some  flights  the  Davies  wave  analyzer  was  cou¬ 
pled  directly  to  the  EAI  x-y  plotter  to  eliminate 
the  need  for  replotting. 


Broad-Band  PSD  Analyses 

Broad-band  PSD  analyses  were  performed 
only  on  measurements  recording  severe  vibra¬ 
tion  at  liftoff.  This  type  of  analysis  was  used 
since  the  short  duration  of  the  liftoff  vibration 
(3100  msec)  made  it  impossible  to  perform 
narrowband  analyses  on  available  data  reduc  - 
tion  equipment.  It  should  be  stressed  that  since 
such  analyses  are  only  qualitative,  they  are  use¬ 
ful  only  in  determining  the  relative  energy  con¬ 
centrations  within  the  frequency  bands  Indicated. 

The  broad-band  PSD  analyses  were  pro¬ 
duced  in  the  following  manner.  The  output  of 
the  discriminator  was  played  into  a  bank  of 
bandpass  filters  consisting  of  10  contiguous 
100-Hz  filters,  covering  the  range  from  0  to 
1000  Hz,  and  a  pair  extending  Irom  1056  to  1522 
K  and  from  1522  to  2153  Hz,  respectively.  The 
c  puts  of  these  filters  were  recorded  along 
*ith  a  composite  trace  and  flight  time  by  the 
Visicorder  recorder,  producing  a  time  history 
of  the  vibration  signal  in  each  frequency  band 
during  the  liftoff  transient.  The  time  of  the 
most  severe  vibration  was  identified  from  the 
composite  trace,  and  the  peak  g  amplitude  in 
each  frequency  band  at  this  time  was  deter¬ 
mined.  Again  employing  the  assumption  that 
the  data  have  a  Gaussian  distribution,  dividing 
the  peak  levels  by  3  produced  an  rms  g  level 
for  each  frequency  band.  The  g  2/Hz  energy 
level  within  the  band  was  calculated  by  squaring 
the  rms  g  level  and  dividing  the  result  by  the 
filter  bandwidth.  The  levels  were  then  plotted 
vs  frequency  on  a  log- log  scale  as  a  histogram. 

VIBRATION  ENVIRONMENT 

The  Wing  VI  vibration  environment  was 
generally  transient  in  nature;  i.e.,  usually  last¬ 
ing  less  than  500  msec.  The  three  exceptions 


were  sustained  vibrations  occurring  during  the 
transonic  (Mach  1)  period,  during  the  maximum 
aerodynamic  pressure  (max  q)  period,  and  dur¬ 
ing  the  chamber  pressure  oscillations  of  the 
Stage  TH  motor.  The  following  is  a  brief  expla¬ 
nation  of  the  various  events  which  affect  the  vi¬ 
bration  environment  during  the  course  of  a 
normal  flight.  The  times  at  which  the  events 
occur  are  nominal  (t5  sec)  and  are  referenced 
to  liftoff. 

1.  Battery  Squib  (minus  35  sec).  —  Explo¬ 
sive  squibs  release  the  acid  into  the  guidance 
and  control  unit  (G  and  C)  battery.  This  event, 
as  would  be  expected,  is  especially  severe  on 
measurements  in  the  G  and  C  section.  The  lo¬ 
cation  of  the  battery  is  illustrated  in  Figs.  A-l 
and  A-2  in  Appendix  A. 

2.  Umbilical  Disconnect  (minus  17  sec).  — 
The  G  and  C  umbilical  is  separated  from  the  G 
and  C  section  by  using  an  explosive  charge. 

Again  this  affects  mainly  the  measurements  lo¬ 
cated  forward.  Figure  A- 3  illustrates  the  loca¬ 
tion  of  the  umbilical  connector  in  the  G  and  C 
section. 

3.  Liftoff  (0  sec).  —  Here  the  excitation  has 
two  sources.  At  ign>tion  the  initial  thrust  ex- 

c  ites  a  low-frequency  ( *60  Hz)  longitudinal 
missile  mode;  this  Is  immediately  followed  by 
a  high-level  pressure  pulse  lasting  approxi¬ 
mately  100  msec,  induced  by  the  intense  acous¬ 
tic  field  within  the  silo.  This  event  is  most 
severe  on  measurements  in  close  proximity  to 
the  missile  skin  and  on  those  on  the  Stage  I  NCU. 

4.  Mach  1  (18  sec).  —  The  increase  in  vi¬ 
bration  is  caused  by  an  increase  in  intensity  of 
the  aerodynamic  turbulence  on  the  skin  of  the 
missile.  The  intensity  varies  from  place  to 
place,  and  depends  on  the  local  details  of  the 
missile  profile. 

5.  Max  q  (37  sec).  —  An  increase  in  vibra¬ 
tion  level  results  from  the  increase  In  aerody¬ 
namic  turbulence  as  the  missile  reaches  the 
region  of  maximum  aerodynamic  pressure. 

6.  Gas  Generator  Activation  (59  sec).  —  An 
explosive  squib  opens  a  valve  allowing  the  Freon 
propellent  to  be  pressurized  by  helium.  This 
precedes  staging  by  1  sec. 

7.  I-II  Staging  (60  sec).  —  This  includes  two 
occurrences  approximately  500  msec  apart: 

(a)  separatioi.  -  Stages  I  and  II  are  separated 
by  a  circular  explosive  charge  ripping  the  inter¬ 
stage  skin;  (b)  stage  II  ignition.  —  a  burst  of 
vibration  lastng  about  100  msec  is  caused  by 
the  ignition  transient  of  the  motor  and  the 
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vibration  resulting  from  the  interaction  of  the 
flame  and  the  forward  end  of  Stage  I. 

8.  Stage  n  Skirt  Removal  (76  sec).  —  The 
removal  of  the  aft  skirt  of  Stage  II  by  a  circular 
explosive  charge  (applicable  only  to  FTM  410 
and  subsequent  FTM's). 

9.  n-m  Staging  (120  sec).  —  Il-m  staging 
is  carried  out  in  the  same  manner  as  I-II  stag¬ 
ing,  with  entirely  similar  results  in  the  vibra¬ 
tion  environment. 

10.  Stage  III  Skirt  Removal  (121  sec).  —  The 
Stage  III  aft  skirt  is  discarded  by  an  explosive 
charge  (applicable  only  to  FTM  410  and  subse¬ 
quent  FTM’s). 

11.  Stage  III  Chamber  Pressure  Oscilla¬ 
tions.  —  Depending  on  the  flight,  sinusoidal  os¬ 
cillations  of  the  Stage  m  chamber  pressure 
ranged  in  frequency  from  about  450  to  600  Hz 
and  occurred  at  various  times  alter  Stage  in 
ignition,  with  the  time  of  maximum  amplitude 
ranging  from  immediately  after  ignition  to  ap¬ 
proximately  140  sec,  referenced  to  liftoff.  This 
phenomenon  was  not  evident  on  every  flight  cr 
every  measurement. 

12.  Reentry  Vehicle  (R/V)  Unlatch  (170 
sec).  —  The  R/V  is  detached  from  the  G  and  C 
section  and  Stage  in  motor  by  a  circular  explo¬ 
sive  charge  around  the  skin  at  the  separation 
plane. 

13.  Port  Blow  t172  sec).  The  thrust  of  the 
Stage  III  motor  is  reversed  by  removing  the 
covers  of  four  holes  or  ports  in  the  side  of  the 
motor  casing  with  simultaneous  explosive 
charges. 

It  should  be  pointed  out  that,  because  of 
their  locations,  very  few  of  the  measurements 
recorded  measurable  vibrations  during  all  of 
the  above  events.  For  instance,  measurements 
located  on  or  near  the  missile  skin  or  on  beams 
attached  to  the  skin  emphasize  Mach  1  or  max  q, 
or  both,  whereas  measurements  mounted  toward 
the  center,  e.g.,  the  NCU  measurements,  do  not. 


DATA  PRESENTATION 

The  vibration  data  from  each  measurement 
are  presented,  when  applicable,  in  one  or  more 
of  the  following  forms:  decaying  sinusoidal 
shock  response  (DSSR)  data;  oscillograph  traces; 
and  plots  of  rms  g  and  narrow -band  and  broad¬ 
band  PSD  analyses. 


The  DSSR  data  represent  the  decaying  si¬ 
nusoidal  shock  responses  caused  by  shock-like 
events  such  as  the  squtbbing  of  the  G  and  C bat¬ 
tery.  These  data  are  presented  by  plotting  the 
recorded  peak  amplitude  of  each  shock  response 
vs  its  frequency.  Separate  symbols  are  used 
for  each  shock -producing  event,  and  the  time 
for  the  response  to  decay  to  one  tenth  of  its 
maximum  amplitude  is  included  next  to  each 
point. 

Oscillograph  traces  for  these  measure¬ 
ments  are  not  included.  See  Appendix  B. 

Generally,  all  the  rms  g  and  PSD  analyses 
for  each  measurement  are  included,  with  a 
brief  discussion  of  the  measurement,  below. 
However,  the  volume  of  these  data  from  several 
measurements  (e.g.,  measurements  in  the  G  and 
C  area)  required  summarization  of  the  plots. 

The  methods  used  to  summarize  these  data  are 
as  follows: 

1.  To  summariv  the  rms  g  analyses,  a 
typical  rms  g  vs  flight  time  profile  is  included 
without  a  numerical  rms  g  scale.  The  ranges 
of  the  rms  g  levels  during  the  most  severe 
events,  i.e.,  Mach  1,  etc.,  are  tabulated. 

2.  The  broad-band  PSD  analyses  are  sum¬ 
marized  by  plotting  the  maximum,  minimum, 
and  calculated  mean  g  J/Hz  level  vs  frequency. 

3.  The  narrow-band  PSD  analyses  are 
summarized  by  plotting  all  the  maxima  appear¬ 
ing  on  each  of  the  indiv  idual  PSD  plots  on  one 
graph. 

To  facilitate  data  presentation,  the  meas¬ 
urements  are  separated  and  discussed  with  re¬ 
spect  to  six  major  missile  sections:  the  reentry 
vehicle,  guidance  and  control  section.  1I-III  in¬ 
terstage,  and  Stage  1,  II,  and  III  engines. 


Reentry  Vehicle 

Only  one  vibration  measurement  was  lo¬ 
cated  in  the  R/V  during  the  Wing  VI  Program, 
V1W01.  This  measurement  was  mounted  longi¬ 
tudinally  on  the  lockout  switch  mounting  bracket 
at  130-dep  azimuth,  4  in.  from  the  missile  cen¬ 
terline.  ft  experienced  its  most  severe  vibra¬ 
tion  at  port  blew,  a  19.7-g  0-peak  high-frequency 
shock  rc  sponse  with  a  duration  of  80-msec. 
Measurement  V1W01  was  staged  a*  I-II  staging 
with  V2P06:  hence  there  were  no  data  received 
by  this  measurement  (V1W01)  prior  to  I-II 
staging. 


* 
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Figure  4  contains  the  rms  g  vs  flight  time 
ir.  seconds  from  liftoff  after  I-II  staging  when 
this  measurement  was  sequenced  for  operations. 
Figure  5  contains  the  summary  of  DSSR  data. 

No  PSD  analyses  were  performed  for  this 
measurement. 


Guidance  and  Control  Section 

Vibration  measurements  were  located  in 
five  areas  in  the  G  and  C  section:  the  base  of 
the  D37  computer  (V2HC1,  V2H02,  V2H03),  the 
G  and  C  section  .'kin  (V2M01),  the  inertial 
measurement  unit  (IMU)  stable  platform  (V 2 POl, 
V2P02,  V2P03),  input  to  and  response  of  the 
IMU  (V2P04  through  V2P08),  and  the  base  of 
the  P92  (V2U01,  V2U02,  V2U03).  The  location 
of  each  measurement  is  illustrated  in  Figs. 

A-l  through  A-6. 

Base  of  the  D37  Computer.  —  Vibration  data 
from  measurements  V2H01,  V2H02,  and  V2H03 
are  summarized  in  Figs.  6  through  18.  Typical 
rms  g  vs  flight  time  analyses  for  these  meas¬ 
urements  are  shown  in  Figs.  6,  7,  and  8.  Table  4 
presents  rms  g  ranges  and  averages  at  perti¬ 
nent  events  for  V2H01  and  V2H02  (more  than 
one  flight  record  was  analyzed). 


Figures  9  and  10  summarize  the  broad-band 
PSD  analyses  performed  on  liftoff  data  and  um¬ 
bilical  disconnect  from  measurement  V2H01; 
Figs.  11  and  12  are  the  broad-band  analyses 
performed  for  measurements  V2H02  and  V2H03, 
respectively,  at  liftoff.  The  narrow-band  PSD 
analyses  performed  on  the  Mach  1  data  of  meas¬ 
urements  V2HG1,  V2H02,  and  V2H03  are  shown 
in  Figs.  13.  14,  and  15,  respectively.  The  DSSR 
data  for  these  measurements  are  contained  in 
Figs.  16,  17,  and  18. 

Guidance  and  Control.  —  Vibration  data  from 
measurement  V2M01  are  shown  in  Figs.  19 
through  22.  This  measurement  was  flown  on 
two  flight  test  missiles:  FTM  455  and  458.  The 
rms  g  vs  flight  time  analyses  summary  is  given 
in  Fig.  29,  the  broad-band  PSD  analyses  at  lift¬ 
off  are  given  in  Fig.  20,  the-  narrow-band  PSD 
analyses  at  Mach  1  are  given  in  Fig.  21,  and  the 
DSSR  data  are  summarized  in  Fig.  22.  Ranges 
and  averages  (rms  g)  at  pertinent  events  appear 
in  Table  5.  The  location  of  this  measurement  is 
shown  in  Fig.  A-l  of  Appendix  A. 

IMU  Stable  Platform.  —  Measurements 
V2P01,  V2P02,  and  V2P03  were  located  inside 
the  IMU  on  the  stable  platform,  with  measure¬ 
ment  axes  oriented  in  the  axes  of  the  sensing 


TABLE  4 

Ranges  and  Averages  (rms  g)  for  V2H01  and  V2H02 


Event 

Range 

Average 

V2H01 

V2H02 

V2H01 

V2H02 

Battery  squib 

1.0-1. 4 

0.7-1. 6 

- - 

1.2 

1.0 

Umbilical  disconnect 

2.3-2. 6 

3. 5-4.0 

2.4 

3.8 

Liftoff 

2. 0-9. 6 

3.8-9. 7 

5.8 

9.2 

Mach  1 

1.7-3. 9 

2.0-3. 9 

2.3 

2.7 

Max  Q 

1.0-1. 8 

1.1 

1.4 

I-II  Staging 

5. 5-6. 8 

1.5-6. 8 

6.0 

3.8 

Stage  II  skirt  removal 

8. 1-9. 4 

7. 1-8.2 

8.9 

7.8 

n-m  staging 

0.7-4. 2 

0. 9-1.0 

3.0 

1.0 

Stage  III  skirt  removal 

0. 7-7.0 

0.9-1. 3 

3.6 

1.0 

R/V  unlatch 

0-1.2 

0.3-3. 3 

0.4 

1.6 

Port  blow 

0-2.3 

1. 1-6.0 

13 

3.5 

Note.  —  Three  samples  for  each  event. 
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TABLE  5 

Ranges  and  Averages  (rms  g)  (or  V2M01 


Event 

— 

Range 

Average 

Battery  squib 

0.7-0. 9 

0.8 

Umbilical  disconnect 

3. 0-3. 6 

3.3 

Liftoff 

11.0-13.0 

12.0 

Mach  1 

3. 8-4. 3 

4.1 

Max  Q 

2. 0-2. 2 

2.1 

I-n  staging 

0. 9-1.1 

1.0 

Stage  II  skirt  removal 

2. 1-2. 2 

2.2 

II -III  staging 

2. 2-3.0 

2.6 

Stage  in  skirt  removal 

i.0-2.2 

1.6 

R/V  unlatch 

0-0.7 

0.4 

Port  blow 

2. 4-3.0 

27  i 

Note.  — Two  samples  for  each  event. 


instruments.  Vibration  rr  'asured  on  this  unit, 
which  is  isolated,  is  relatively  low  in  amplitude, 
as  would  be  expected.  These  vibration  data  are 
used  in  the  guidance  system  performance  anal¬ 
ysis.  The  location  of  these  measurements  is 
shown  in  Fig.  A-6. 

Figures  23.  24,  and  25  contain  the  rms  g 
vs  flight  time  for  V2P01,  V2P02,  and  V2P03, 
respectively.  Figures  26,  27,  and  28  contain 
the  broad-band  PSD  analyses  of  V2P01,  V2P02, 
and  V2P03  from  FTM  463  at  liftoff.  A  narrow- 
band  analysis  of  V2P02  at  Mach  1  on  FTM  452 
is  presented  in  Fig.  29.  Figures  30,  31,  and  32 
contain  the  DSSR  data  for  these  three  measure¬ 
ments.  Table  6  presents  ranges  and  averages 
(g  rms)  at  pertinent  events  for  V2P02  and 
V2P03. 

Input  to  the  1MU.  —  The  vibration  measure¬ 
ments  located  on  the  IMU  support  bracket  cap 
are  V2P04,  V2P06,  and  V2P07  sensing  the  lon¬ 
gitudinal.  yaw.  and  pitch  axes,  respectively. 
Measurement  V2PG4  was  transmitted  on  a  0-  to 
2100-Hz  (channel  E)  telemetry  channel  on 
FTM’s  450  and  457,  and  on  a  0-  to  1200-Hz  te¬ 
lemetry  channel  (channel  C)  on  FTM’s  454  and 
461.  Measurements  V2P06  and  V2P07  were 


TABLE  6 

Ranges  and  Averages  (rms  g)  for  V2P02  and  V2P03 


Event 

Range 

Average 

V2P02 

V2P03 

V2P02 

V2P03 

.... .  —  „ ... 

Battery  squib 

0-0.9 

0.0-0. 6 

0.45 

0.3 

Umbilical  disconnect 

0-0.6 

0.0-0. 8 

0.3 

0.4 

Liftoff 

0.7-1. 5 

0.9-0.96 

1.1 

0.93 

Mach  1 

0-1.0 

0.0-0.46 

0  5 

0.23 

Gas  generator  activ.it  ion 

0.2 

0. 9-0.3 

0.2 

0.15 

I-II  staging 

0. 4-1.0 

-  -1.1 

0.7 

1.1 

Stage  II  skirt  removal 

0.25-1.0 

-  -0.35 

0.7 

0.35 

II-III  staging 

0.2-2. 4 

1.0-1. 6 

1.3 

1.3 

Stage  III  skirt  removal 

0.1-0. 2 

0.0-0. 2 

0.15 

0.1 

R  V  unlatch 

0-0.4 

0.0-0. 5 

0.2 

0.25 

Port  blow 

0. 2-0.7 

0. 8-3.0 

0.45 

i!  _ 

Note.  —  Two  samples  fur  each  event. 


101 


transmitted  on  channel  E  on  each  flight  on  which 
'hey  were  flown  with  one  exception:  measure¬ 
ment  V2P07  was  transmitted  on  a  220-Hz  (chan¬ 
nel  13)  telemetry  channel  on  FTM  453. 

The  rms  g  vs  time  data  for  V2P04,  V2P06. 
and  V2PC7  are  contained  in  Figs.  33,  34,  and  35. 
The  bread-band  PSD  analyses  are  contained  in 
Figs.  30  through  42.  Broad-band  analysis  was 
performed  on  data  from  V2P04  at  liftoff,  I-II 
staging,  Stage  II  skirt  removal,  II-III  staging, 
and  Stage  III  skirt  removal.  These  data  are 
contained  in  Figs.  36  through  40  Figures  41 
and  42  contain  the  broad-band  PSD  analyses  for 
V2P06  and  V2P07  at  liftoff.  Narrow-band  anal¬ 
yses  performed  on  V2P04,  V2P06,  and  V2P07  at 
Mach  1  appear  in  Figs.  43,  44,  and  45,  respec¬ 
tively.  The  DSSR  data  for  these  same  three 
measurements  are  contained  in  Figs.  46,  47, 
and  48.  Rang®*  and  averages  (rms  g)  for  per¬ 
tinent  events  for  V2P04  appear  in  Table  7. 


TABLE  ? 

Ranges  and  Averages  (rms  g)  for  V2P04 


Event 

Range 

Average 

Battery  squib 

1. 0-1.3 

1.1 

Umbilical  disconnect 

2. 6-5.0 

3.7 

Liftoff 

8.7-15.0 

11.7 

Mach  1 

3. 2-4.6 

3.8 

Max  Q 

1. 2-2.0 

1.6 

I-II  staging 

3. 9-9.8 

7.3 

Stage  II  skirt  removal 

3.0-12.0 

9.0 

n-III  staging 

1. 5-4.0 

2.6 

Stage  III  skirt  removal 

0.8-7. 1 

3.0 

Port  blow 

1.7-3. 4 

2.5 

Note.  —  Four  samples  for  each  event. 


The  IMU  external  housing  measurements 
V2P05  and  V2P08  represent  equipment  response 
rather  than  input  to  a  unit  and  have  therefore 
been  separated  from  the  support  bracket  cap 
measurements.  The  location  of  these  two 
measurements  is  shown  in  Figs.  A-l  and  A-2. 
They  are  located  on  the  lower  external  body 
of  the  IMU  housing,  oriented  in  the  90-  to  270- 
deg  lateral  axis  (V2P05)  and  the  0-  to  180-deg 
lateral  axis  (V2P08). 


Figures  49  and  50  contain  the  rms  g  vs 
time  data  for  V2P05  and  V2P08;  Figs.  51  and  52 
contain  the  broad-band  PSD  analyses,  Figs.  53 
and  54  contain  the  narrow-band  PSD  analyses, 
and  Figs.  55  and  56  contain  the  DSSR  data  for 
these  two  measurements. 

Input  to  P92.  —  Measurements  V2U01, 
V2U02,  and  V2U03  are  mounted  at  the  base  of 
the  P92  amplifier  assembly  to  determine  the 
input  to  equipment  mounted  on  the  G  and  C 
structural  mounting  shelf.  These  measure¬ 
ments  were  oriented  in  the  0-  to  180-deg  lateral 
and  longitudinal,  and  90-  to  270-deg  lateral  axes, 
respectively.  Figures  57  t.irough  69  contain  the 
data  from  these  measurements.  Figures  57,  58. 
and  59  contain  the  rms  g  vs  time  history  of  this 
environment;  Figs.  60,  61,  and  63  containbroad- 
band  PSD  analysis  at  liftoff,  with  Fig.  62  defin¬ 
ing  the  environmental  PSD  at  umbilical  discon¬ 
nect  for  V2U02.  Figures  64,  65,  and  66  contain 
the  narrow-band  PSD  analysis;  and  Figs.  67,  68, 
and  69  contain  the  DSSR  data  for  V2U01,  V2U02, 
and  V2U03,  respectively.  Ranges  and  averages 
(rms  g)  for  V2U01  and  V2U02  appear  in  Table  8. 


Stage  III  Engine 

All  vibration  measurements  taken  in  the 
Stage  III  engine  area  were  on  the  NCU:  V4U01, 
V4U02,  V4U03,  V4U04,  V4U05,  V4U06.  Meas¬ 
urements  V4U01  and  V4U02  were  on  actuator 
arm  4  near  the  actuator.  V4U03,  V4U05,  and 
V4U06  were  on  the  NCU  base  on  the  side  near 
the  junction  of  the  auxiliary  power  supply  (APS) 
cover  and  the  base  at  315-deg  azimuth  measur¬ 
ing  in  the  45-  to  225-deg  lateral,  the  135-  to 
315-deg  lateral,  and  the  longitudinal  axes,  re¬ 
spectively.  Measurement  V4U04  was  mounted 
on  NCU  actuator  arm  4  near  the  junction  of  the 
arm  and  base  at  R  =  8  in. 

Each  of  these  measurements  was  flown  on 
one  flight  and  V4U02  was  flown  on  two  flights. 
The  DSSR  data  for  these  measurements  listed 
in  alpha-numerical  order  are  contained  in 
Figs.  70  through  75. 


II-III  Interstage  Area 

A  vibration  measurement  was  made  at  a 
single  location  in  the  II-III  interstage  area  on 
two  flights.  This  measurement  was  V5A02,  lo¬ 
cated  aft  of  the  angular  accelerometer  rack  in 
the  interstage  area.  Because  of  the  extensive 
changes  in  the  Stage  II  engine  control  system, 
the  environment  for  the  angular  accelerometer 
had  to  be  redefined. 
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TABLE  8 

Ranges  and  Averages  (rms  g)  for  V2UG1  and  V2U02 


Even1 

— 

Range 

Average 

V2U01 

V2U02 

V2U01 

V2U02 

Batiery  squib 

2. 6-3. 5 

0.5-1. 7 

2.9 

1.2 

Umbilical  disconnect 

5. 0-5. 4 

3.0-3. 7 

5.2 

3.3 

Liftoff 

8.6-14.4 

11.0 

6.9 

Mach  1 

3. 5-5.0 

1.2-1. 4 

4.2 

1.3 

Max  Q 

1.8 

0.6 

I-II  staging 

3. 5-6. 3 

0.7-5. 7 

4.6 

3.3 

Stage  II  skirt  removal 

0-9.3 

1.8-10.2 

3.1 

7.1 

n-ID  staging 

1. 0-3.0 

1.8-7. 1 

1.3 

3.6 

Stage  III  skirt  removal 

0-0.8 

1.0-3. 5 

0.3 

1.9 

Port  blow 

2. 5-3.0 

1.1-12.0 

1.8 

5.5 

Note.  —  Three  samples  for  each  event. 


The  DSSR  data  from  these  two  flights 
(FTM's  455  and  4: 6)  are  contained  in  Fig.  76. 
The  vibration  data  from  measurement  V5A02 
were  transmitted  on  telemetry  channel  12 
(0-160  Hz)  so  that  only  low-frequency  data  were 
recorded;  ail  high-frequency  data  were  attenu¬ 
ated. 


Stage  II  Engine 

During  the  Wing  VI  flight  test  program, 
vibration  measurements  were  flown  in  eight 
locations  in  the  Stage  II  engine  area.  These 
measurements  can  be  separated  with  respect 
to  the  seven  main  equipments: 

Roll  control  gas  generator  (A901V) 

Thrust  vector  nozzle  (A902V,  A903Vj 

LITVC  gas  generator  (A904V,  A905V, 
V6G01,  V6G02) 

LITVC  injector  (V6T01,  V6T02) 

Roll  control  valve  (V6T03,  V6T04) 

LITVC  system  pressure  relief  valve 
(V6T05) 

Attitude  control  injector  (ACI)  electronics 
package  (V6U01,  V6U02,  V6U03) 


The  location  of  these  measurements  is  shown 
in  Figs.  A-8  through  A- 13.  The  data  for  this 
missile  section  are  arranged  in  the  order  listed 
above,  except  that  the  Fly-3  program  data  are 
not  included.  Since  these  measurements  were 
for  research  and  development  verification 
purposes,  complete  data  reduction  was  not 
accomplished  on  the  telemetered  data.  The 
measurements,  all  made  on  the  Wing  VI  flight 
configuration  of  the  LITVC,  are  included  in  this 
section. 

Measurements  V6G01  and  V6G02.  located 
on  the  LITVC  gas  generator,  were  flown  on  five 
and  three  flights,  respectively.  On  all  of  these 
flights,  however,  the  data  from  these  measure¬ 
ments  were  assigned  to  a  low-frequency  chan¬ 
nel.  channel  12  (160  Hz)  or  channel  13  (220  Hz). 
Therefore,  all  the  high-frequency  data  are  at¬ 
tenuated  and  no  PSD  analyses  were  performed. 
The  DSSR  data  from  these  two  measurements 
are  contained  in  Figs.  77  and  78. 

Measurements  V6T01  and  V6T02.  located 
or,  the  LITVC  injector  mounting  pad.  were  flown 
on  seven  and  five  flights,  respectively.  The 
rms  g  vs  time  plot  for  V6T01  is  presented  in 
Fig.  79.  None  was  made  for  V6T02.  Broad¬ 
band  PSD  analyses  for  V6T01  and  V6T02  vere 
performed  at  I-II  staging  and  are  contai  1  in 
Figs.  80  and  81.  No  narrow-band  analyses  were 
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performed  on  these  measurements.  The  DSSR 
data  tor  V6T01  and  V6T02  are  contained  in  Figs. 
82  and  83. 

Measurements  V6T03  arid  V6T04  were  lo¬ 
cated  on  the  roll  control  valve.  Figure  84  con¬ 
tains  the  rms  g  vs  time  plot  for  V6T03  Figure 
85  contains  the  broad-band  PSD  analysis  at  I-1I 
staging  for  V6T03,  and  Fig.  86  contains  the 
narrow-band  PSD  analysis  at  Mach  1  for  the 
same  measurement.  Figures  87  and  88  contain 
the  DSSR  data  for  V6T03and  V6T04,  respectively. 

Measurement  V6T05  islocatedon  theLITVC 
pressure  relief  valve.  Figure  89  contains  the 
rms  g  vs  time  plot,  Fig.  90  contains  the  narrow- 
band  PSD  analysis  at  Mach  1,  and  Fig.  91  con¬ 
tains  the  DSSR  data  for  V6T05. 

Measur  ements  V6U01,  V6U02.  and  V6U03 
were  located  on  the  attitude  control  injector 
electronics  package.  Broad-band  PSD  analysis 
was  performed  on  VGU02  at  I-II  staging  during 
FTM  45.  These  data  are  contained  in  Fig.  92. 
Narrow-band  PSD  analysis  performed  at  liftoff 
for  V6U02  is  contained  in  Fig.  93.  The  DSSR 
data  from  V6U01,  V6U02,  and  V6U03  are  con¬ 
tained  in  Figs.  94,  95,  and  96,  respectively. 


Stage  I  Engine 

Only  one  vibration  measurement  location 
was  used  in  the  Stage  I  engine  area:  the  Stage  I 


NCU  (V8U01 .  V8U02.  V8U03).  Each  of  these 
measurements  was  flown  on  only  one  flight  early 
in  the  program  to  verify  that  the  vibration  lev¬ 
els  were  similar  to  levels  from  the  previous 
Wing  I  program.  Since  this  system  remained 
unchanged  in  configuration,  very  little  change 
in  vibration  level  was  anticipated.  Measure¬ 
ment  V8U01  located  on  actuator  arm  1  and 
measuring  in  the  135-  to  315-dcg  lateral  axis 
was  flown  on  FTM  449.  Measurement  V81J02, 
also  on  actuator  arm  1,  measuring  in  the  longi¬ 
tudinal  axis,  was  flown  on  FTM  450.  Measure¬ 
ment  V8UG3,  located  at  the  same  place  on  actu¬ 
ator  arm  1  and  measuring  in  the  lateral  axis, 
was  flown  later  on  FTM  460  to  establish  envi¬ 
ronmental  conformity.  Figures  97,  98.  and  S9 
contain  the  summaries  of  the  DSSR  data  for 
measurements  V8U01.  V8U02,  and  V8U03. 

Since  no  unexpected  vibration  occurred  on 
these  flights  at  this  location,  no  PSD  analyses 
were  performed.  Reference  |lj  contains  a  defi¬ 
nition  of  the  Stage  I  dynamic  environment  in 
terms  of  the  frequency  content  of  the  power 
spectral  density. 


REFERENCE 

1.  J.  H.  McGehee.  Jr.,  and  R.  E.  Morse, 
"Vibration  Data  Summary  of  Minuteman 
Wing  I  Flight  Test  Missiles,"  TRW  Space 
Technology  Laboratories  Rept.  6121-8722— 
RU-000,  June  1964 
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Fig.  7.  Summary  of  rrns  g  vs  flight  time  data  (or  measurement 
V2H02,  base  of  D37  computer,  90-  to  270-deg  lateral  axis 
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Fig.  12.  Broad-band  PSD  analy¬ 
sis  for  measurement  V'2H03,base 
of  D37  compute r.  longitudinal  axis 


Fig.  13.  Narrow-band  (bcps)  PSD 
analysis  for  measurement  V2H01. 
base  of  D37  computer.  0-  to  180- 
deg  later.  1  axis 
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Fig.  14.  Narrow-band  (b  cps) 
PSD  analysis  for  measurement 
V2H0i.  base  of  D37  computer. 
90-  to  270-dtg  lateral  axis 


Fig.  15.  Narrow-band  (b  cpsj 
PSD  analysis  for  measurement 
V2H03,  base  of  D37  computer, 
longitudinal  axis 
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Fig.  20.  Broad-band  PSD  analy¬ 
sis  for  measurement  V2M01,  G 
and  C  section  structure,  longitu¬ 
dinal  axis 
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Fig.  2T,  Broad-band  PSD  an, 
sis  for  measurement  V2P02. 
stable  platform 
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Fig-  3 L.  Summary  of  decaying  sinusoidal  shock 
response  data  for  measurement  V2P03,  1MU 
stable  platform 
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Fig.  J4.  Rms  g  vs  flight  time  data  for  measurement  VZF06,  1MU  support 
bracket,  90-  to  ^70-deg  lateral  axis 
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Fig.  37.  Broad-band  PSD  analy 
■  is  at  1-11  staging  for  FTM  461 
measurement  V2P04 
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Fig.  43.  Narrow-band  (6  cps) 
PSD  analysis  for  measurement 
V2P04,  1MU  support  bracket, 
longitudinal  axis 


Fig.  44,  Narrow-band  (6  cps) 
PSD  analysis  for  measurement 
V2P06,  1MU  support  bracket, 
90-  to  270-deg  lateral  axis 
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Fig.  49.  Rms  g  vs  flight  time  data  for  measurement  Y2P05,  IMU  base, 
90-  to  270-deg  lateral  axis 
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Fig.  51.  Broad -band  PSD  analysii 
for  measurement  V2P05.  IMUbase 
90-  to  270-deg  lateral  axis 
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Fig.  52.  Broad-band  PSD  analysis 
for  measurement  V2P08,  IMU  base, 
0-  to  180-deg  lateral  axis 
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Fig.  b5.  Summary  of  decaying  sinusoidal  shock 
response  data  for  measurement  VZP05.IMU  base, 
external  surface,  90-  to  270-deg  lateral  axis 


136 


ATTERY  9||B|HMMH|fi  A T l LK  Y  SQU I B 


•30  0  30  bC  90  '20  150  ISO 

TIME  IN  SCC«  ND5  FROM  uIFTOf  f 


Fig.  58.  Rrr.s  g  vs  Right  time  data  for  measurement  V2K0Z,  has*  of  P92, 

longitudinal  axis 


Fig.  57.  Rms  g  vs  flight  time  data  for  measurement  V2U01,  base  of  P92, 
0-  to  180-deg  lateral  axis 
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Fig.  67.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  V2U01,  IML-  stable  platform 
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Fig.  68.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  V2U02,  IMU  stable  platform 
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Fig-  69.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  V2U03,  1MU  stable  platform 


Fig.  70.  Summary  of  decaying  sinusoidal  shock  response  data 
for  measurement  V4U01,  Stage  III  NCU 
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Fig.  71.  Summary  of  decaying  sinusoidal  shock  response  data 
for  measurement  V4U02,  Stage  III  NCU 
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F:g.  72.  Summary  of  decaying  sinusoidal  shock  response  data 
for  measurement  V4U03,  Stage  III  NCU 
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Fig.  73.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  V4U04,  Stage  III  NCU 
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Fig.  74.  Summary  of  decaying  sinusoidal  shock  response  data 
for  measurement  V4U05,  Stage  III  NCU 
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Fig.  75.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  V4U06,  Stage  HI  NCU 
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Fig.  87.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measu.  .inent  V6T03.  roll  control  valve 
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Fig.  89.  Rms  g  vs  flight  time  data  for  measurement  V6T05, 
L1TVC  pressure  relief  valve,  tangent 
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Fig.  91.  Summary  of  decaying  sinusoidal  shock  ’-’■sponse 
data  lor  measurement  V6T05,  LITVC  pressure  relief  valve 
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Fig.  94.  Summary  of  decaying  sinusoidal  shock  response 
data  tor  measurement  V6U01,  ACI  electronics  base 
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Fig.  95.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  VbUOil.  AC1  electronics  base 
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Fig.  97.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  VBUOI,  Stage  I  NCU 
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Fig.  96.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  V6U03.  AC1  electronics  base 
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Fig.  98.  Summary  of  decaying  sinusoidal  shock  response 
data  for  measurement  V8U0Z,  Stage  I  NCU 
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Fig.  99.  Summary  of  decaying  sinusoidal  shock  respond- 
data  for  measurement  VmL’O  h  Stage  I  NCU 
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Appendix  A 

MEASUREMENT  LOCATIONS 


This  appendix  presents  pictorial  data  to  illustrate  the  positioning  of  the  various  transducers 
employed  in  gathering  the  vibration  data.  Figures  A-l  through  A -14  are  photographs  and  sketches 
showing  the  exact  measurement  locations. 


EXTERNAL  M  R  KALE 
O  r  l.Ml  B  A  >  E 


Fig.  A-l.  Measurements  on  the  guidance  and 
control  equipment  section 


F.g.  A-8.  Measurements  located  on  the  L1TVC  equipment  section 


Fig.  A-9.  Accelerometer  locations  on  Minuteman  Fly-3  Stage  II  motor 
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Appendix  8 
BACK-UP  DATA 


The  volume  of  data  to  be  included  in  this  appendix  is  too  great  for  publication  here.  These 
back-up  data  may  be  obtained  by  request  from  the  authors. 


SPACECRAFT  VIBRATION:  A  COMPARISON  OF 


FLIGHT  DATA  AND  GROUND  TEST  DATA 

G.  K.i  c  h.iCH>u  ri.in 
General  Electric  Company 
Philadelphia,  Pennsylvania 


There  has  been  a  continuing  accumulation  of  (light  vibration  data  throughout  the  industry 
from  measurements  on  space  flight  systems.  Comparison  of  these  data  and  the  vibration 
procedures  used  in  cualification  testing  of  systems  and  components  ha?  shown  that  these 
procedures  generally  do  not  duplicate  flight  conditions  adequately  and  that  overtesting 
and  undertesting  i-  encountered.  The  differei  ces  between  flight  vibration  environments 
and  ground  test  v.brations  by  the  use  of  a  spec'fic  space  system  are  investigated  to  de¬ 
velop  improved  systems  and  component  testing  procedures.  These  results  are  extended 
to  cover  spacecraft  in  general. 

Details  of  the  flight  measurements,  including  sensor  mounting  details,  time  histories,  and 
power  spectral  densities,  are  presented.  Nonstationarity  of  the  data  is  discussed,  and  a 
method  for  correcting  the  PSD  plots  for  nonstationarity  is  applied. 

Details  of  ground  test  measurements  on  an  identical  system  are  presented,  discussed, 
and.  compared  with  the  flight  data.  The  importance  of  sensor  locations  is  graphically 
illustrated,  and  the  importance  of  categorizing  vibration  data  according  to  sensor  loca¬ 
tion  and  mounting  is  emphasized. 


INTRODUCTION 

This  paper  addresses  the  problem  ol  de¬ 
fining  the  vibration  environment  within  a  space¬ 
craft  during  booster -powered  flight  and  the 
problem  of  reproducing  these  environments  in 
ground  testing.  Although  a  specific  spacecraft- 
booster  combination  is  considered,  the  conclu¬ 
sions  reached  a  id  the  recommendations  made 
are  general  and  applicable  to  any  system. 

In  a  spacecraft,  the  significant  vibration 
environments,  which  are  experienced  during 
be  oster- powered  flight,  result  from  the  acous¬ 
tic  environment!;  external  to  the  spacecraft. 

The  acoustics  in.  turn  have  two  basic  sources: 
the  noise  of  the  booster  rocket  motors  and  the 
aerodynamic  noise  of  transonic  buffet  and 
boundary -layer  -.urbulence.  First,  the  acoustic 
environments  actirg  on  the  external  surfaces 
of  the  spacecraft  and  booster  cause  these  exter¬ 
nal  surfaces  to  vit~ate,  and  then  the  vibrations 
are  transmitted  into  the  .-.pacecraft.  The  pre¬ 
dominant  vibrations  are  in  the  natural  modes  of 
the  spacecraft,  t o  that  even  though  the  external 
acoustics  have  relatively  broad- band  spectra, 
the  vibration  responses  are  usually  narrow- 
band  random. 


Theoretical  treatment  in  prediction  cf  these 
acoustically  induced  vibrations  has  met  with 
limited  success.  The  two  major  obstacles  are 
fa)  inadequate  description  of  the  acoustic  forc¬ 
ing  function,  space  and  time  correlation  char¬ 
acteristics  in  particular,  and  (b)  the  magnitude 
of  the  problem  caused  by  the  necessarily  de¬ 
tailed  mathematical  model.  It  is  felt  that  an 
empirical  approach  provides  more  accurate  pre¬ 
dictions  in  a  fraction  of  the  tune  and  cost.  Con¬ 
sequently,  an  empirical  approach  is  used  here 
and  is  recommended  for  general  use.  It  is 
readily  admitted,  however,  that  the  conclusion 
is  debatable  and  that  improvement  of  both  the¬ 
oretical  and  empirical  predictions  methods 
should  be  sought. 

The  empirical  methods  presently  in  use  in 
the  industry  are  invariably  based  on  an  accu¬ 
mulation  of  flight  measured  data  compiled  or 
transformed  into  a  form  which  establishes  a 
relationship  between  acoustic  pressure,  type  of 
structure,  and  vibration  response  of  that  struc¬ 
ture.  For  the  empirical  method  to  be  accurate, 
however,  there  must  be  a  sufficient  degree  of 
similarity  between  the  new  configuration  and 
the  configuration  on  which  the  data  were  gath¬ 
ered.  Ideally,  the  spacecraft  for  which  the 
vibration  prediction  is  being  made  should  be 
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structurally  similar  to  the  spacecraft  on  which 
the  (light  data  were  obtained,  should  use  the 
same  booster,  and  should  fly  the  same  general 
trajectory  (rom  the  same  launch  pad.  All  varia¬ 
tions  in  these  (actors  should  be  (actored  into  the 
prediction.  Today  there  are  generally  sufficient 
applicable  flight  vibration  data  and  successful 
vibration  criteria  to  permit  an  accurate  predic¬ 
tion  of  vibration  environments  for  a  new  space¬ 
craft  by  direct  analogy. 

There  are  two  notable  practices  within  the 
industry  In  establishing  spacecraft  vibration 
criteria.  One  is  to  define  an  external  vibration 
environment  acting  at  the  spacecraft-booster 
interface.  It  is  then  incumbent  on  the  space¬ 
craft  manufacturer  to  define  the  vibration  re¬ 
sponses  to  this  interface  environment  by  anal¬ 
ysis,  to  verify  the  analysis  by  vibration  test, 
and  from  this  to  define  component  vibration 
criteria.  This  approach  has  two  distinct  dis¬ 
advantages.  First,  the  Internal  vibration  and 
component  criteria  thus  established  are  not  ac¬ 
curate  representations  of  the  vibration  actually 
experienced  in  flight  under  acoustic  excitation. 
The  inaccuracy  results  from  the  fact  that  the 
spacecraft  vibration  responses  to  external 
acoustic  loadings  are  not  the  same  as  the  re¬ 
sponses  to  a  mechanical  vibration  applied  at 


the  booster  interface  or  any  other  point  in  the 
spacecraft.  Second,  severe  scheduling  prob¬ 
lems  are  encountered  because  component  cri¬ 
teria  are  not  established  until  the  spacecraft 
is  built  ana  tested. 

The  second  practice  for  establishing  space¬ 
craft  vibration  criteria  is  to  define  the  external 
and  internal  environments  independently,  but 
both  on  the  basis  of  flight  measurement  data. 
This  approach  has  the  disadvantage  that  a  com¬ 
ponent  probably  experiences  vibration  levels  in 
the  spacecraft  vibration  test  which  exceed  the 
component  qualifications  levels. 

This  report  reviews  a  specific  spacecraft, 
comparing  flight  vibration  measurements  with 
measurements  from  ground  vibration  testing  of 
the  same  spacecraft  to  expose  the  inaccuracies 
of  the  vibration  criteria,  and  defining  new  cri¬ 
teria.  A  general  approach  for  establishing  vi¬ 
bration  criteria  for  spacecraft  is  then  defined. 


SPACECRAFT 

The  general  configuration  of  the  spacecraft 
is  shown  in  Figs.  1  and  2.  The  spacecraft  con¬ 
sists  of  a  measurements'  capsule  with  an 


Fig.  1.  Spacecraft  general  configuration 
with  vibration  sensor  locations 
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Fig.  Z.  Sensor  locations  lor 
programmer  and  frustum 


aerodynamic  fairing  and  a  telemetry  and  attitude 
control  (T&AC)  subsystem.  Vuachment  to  the 
booster  is  through  mating  conical  rings  with  a 
two-point  holddown. 

The  vibration  criteria  for  the  spacecraft 
consist  of  the  vehicle  qualification  test  require¬ 
ment  and  component  qualification  test  requirement 


shown  in  Figs.  3  and  4.  These  requirements 
have  been  carried  on  from  previous  program 
requirements  without  change,  primarily  be¬ 
cause  of  their  excellent  flight  success  record. 
It  will  be  shown  that  these  requirements  are 
basically  incompatible  with  each  other  and  that 
the  spacecraft  test  requirement  is  very  con¬ 
servative. 
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SPACECRAFT  VIBRATION  TEST  obtain  the  necessary  data  channels,  with  4-kHz 

capability. 

The  vibration  qualification  testing  of  the 

spacecraft  consisted  of  imposing  sinusoidal  vi-  Typical  data  from  the  spacecraft  vibration 

brations  in  f.  .uency  sweeps  at  the  levels  and  test  are  shown  in  Figs.  5  through  10  and  are 

times  shown  in  Fig.  3  along  each  of  the  three  presented  only  to  provide  a  general  indication 

major  axes  of  the  vehicle.  The  tests  were  per-  of  the  spacecraft  vibration  characteristics, 
formed  by  mounting  the  spacecraft  on  a  vibra-  Figures  5,  6,  and  7  are  measurements  within 
tlon  fixture  and  controlling  the  input  vibration  the  capsule  and  show  major  resonances  in  the 

at  the  spacecraft-fixture  interface.  The  fixture  50-  to  250-Hz  frequency  range.  Figures  8,  9, 
duplicated  the  booster  side  of  the  spacecraft-  and  10  are  measurements  on  the  T&AC  subsys- 

booster  mating  rings  but  was  otherwise  rela-  tern  and  show  its  major  resonances  to  be  In  the 

tively  stiff.  For  the  longitudinal  direction  tests,  40-  to  309-Hz  range, 
the  fixture  and  vehicle  were  mounted  directly 
on  an  MB-C- 126  electrodynamic  exciter,  with 

the  dead  weight  of  the  fixture  and  vehicle  sup-  FLIGHT  MEASUREMENTS 

ported  by  a  low-frequency  bungee  suspension. 

In  the  lateral  directions  the  fixture  and  vehicle  Instrumentation 
were  mounted  on  a  team  bearing  system. 

The  flight  instrumentation  consisted  of 

Six  vibration  sensors  were  used  to  monitor  three  piezoelectric  vibration  sensors  and  am- 

the  input  levels,  and  44  sensors  were  used  to  plifiers,  manufactured  by  the  Columbia  Re¬ 
measure  the  responses  throughout  the  vehicle.  search  Laboratories  and  installed  in  the  vehicle 

All  data  were  recorded  on  magnetic  data  tape  as  shown  in  Figs.  1  and  2.  The  data  were  trans- 

and  played  back  as  x-y  plots  of  vibration  am-  mitted  over  the  standard  IRIG  FM/FM  telemetry 

plitude  as  a  function  of  frequency.  A  Spectral  subcarrier  oscillator  (SCO)  bands  16,  17,  and  18. 

Dynamics  automatic  mechanical  impedance  These  SCO's  have  center  frequencies  of  40,  52.5, 

measuring  system,  model  SD  1002A-49,  pro-  and  70  kHz  and  frequency  response  ratings  of 

duced  these  x-y  plots,  using  a  5-Hz  bandwidth  600,  790,  and  1050  Hz,  respectively.  All  sensors 

sweeping  filter.  A  Sangamo  model  472RB  mag-  were  bolted  to  the  structure  and  sealed  with 

netic  tape  recorder,  having  response  charac-  Locktite  threat  sealant, 

teristics  to  350  kHz  t3  db  when  operated  at  60 

ips  in  the  direct  mode,  was  the  data  recorder.  Flight  Data  Analysis 

Twelve  of  the  recorder's  14  tracks  were  used 

for  data  recording.  A  multiplexer  system  was  The  flight  vibration  data  were  first  played 

used  in  conjunction  with  the  magnetic  tape  to  back  on  oscillograph  records  typified  by  Figs. 
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fig.  7.  Spacecraft  yaw  axis  vibration  test, 
capsule  yaw  axis  response 
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Fig.  ft.  Spacecraft  p.tcii  axis  vibration  test, 
T&AC  package  pitch  axis  response 


11  through  14.  From  these  the  peak  g  vs  flight 
time  plot  of  Fig.  15  was  developed,  the  peak  g 
readings  corresponding  to  3a  values. 

From  the  oscillograph  recordings  it  was 
apparent  that  there  were  three  periods  of  flight 
where  significant  vibrations  were  generated: 
liftoff,  transonic,  and  maximum  dynamic  pres¬ 
sure  (max  Q).  Power  spectral  analyses  were 
performed  by  dubbing  magnetic  tape  records  oi 


the  periods  of  maximum  vibration,  splicing  each 
record  ng  to  form  tape  loops,  and  performing 
analyst  s  of  these  loops  using  a  Spectral  Dy¬ 
namics  analyzer.  The  resulting  PSD  plots  are 
shown  in  Figs.  1C  through  24. 

It  was  necessary  to  make  three  types  of 
corrections  on  these  PSD  plots.  First,  a  cor¬ 
rection  was  applied  to  the  high-frequency  levels 
to  correct  for  the  TM  attenuation  according  to 
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Fig.  V.  Spacecraft  roll  axr  vibration  test, 
T^AC  package  roll  axis  response 


the  curves  shown  in  Fig.  25.  Second,  where 
there  was  evidence  at  signal  clipping,  an  esti¬ 
mate  was  made  ai  the  amount  at  clipping  and 
correction  factors  were  indicated.  Finally,  in 
the  transonic  region  the  vibration  is  at  its  max¬ 
imum  for  toe  short  a  period  of  time  to  permit 
a  reasonable  loop  length.  For  these  cases  a 
correction  factor  was  established  based  on  the 
ratio  of  la  values  indicated  by  the  uncorrected 
PSD  plot  and  by  the  oscillograph.  For  example, 
the  ring  sensor  at  Mach  1  was  handled  as  follows: 

1.  From  the  oscillograph  record  the  3a 
peak  values  were  measured  at  8.0  g  and  the  ratio 
of  3a  to  la  was  estimated  at  3.6:1;  la  =  2.22  g. 

2.  From  the  PSD  plot  tho  la  is  indicat 
to  be  0.66  g. 

3.  The  ratio  of  the  two  la  values  was  as¬ 
sumed  to  result  from  the  variation  of  the  gen¬ 
eral  vibration  level  during  the  time  the  PSD 
analysis  was  made.  Thus  the  correction  for  the 
nonstationarity  of  the  random  vibration,  applied 
to  the  PSD  data  of  Fig.  9,  is  3.33  for  the  g  scale 
and  10  for  the  g2/Hz  scale. 

There  were  a  number  of  transient  events 
during  booster  flight  which  were  evidenced  by 
the  vibration  sensors.  Most  of  the  transients 
indicated  by  the  vibration  sensors  have  been 
identified  with  specific  flight  events,  as  shown 
in  Figs.  15  and  17.  The  unidentified  transients 
probably  originated  in  the  booster  and,  as  they 
were  relatively  mild,  there  was  no  attempt  to 
obtain  a  positive  identification. 

The  transients  invariably  show  the  major 
responses  to  be  at  relatively  high  frequencies 
and  g  levels.  These  high-frequency  transient 
vibrations  do  not  cause  any  significant  struc¬ 
tural  loadings  but  may  be  of  concern  to  equip¬ 
ment  items.  Unfortunately,  the  instrumentation 
sensitivity  could  not  be  set  to  obtain  both  the 
vibration  data  and  the  transient  data.  Proper 
sensitivity  for  the  vibration  data  results  in  in¬ 
strumentation  saturation  during  the  transient 
events.  Proper  sensitivity  for  the  transients 
results  in  poor  '  ib  rat  ion  data  because  of  poor 
slgnal-to-noise  ratio. 


Flight  Test  Results 

One  of  the  first  observations  to  be  made  on 
the  flight  vibration  data  is  that  each  of  the  three 
measurements  has  significant  differences  from 
the  other  two.  This  leads  to  the  conclusion, 
which  is  by  now  a  well-established  one,  that  the 
vibration  at  any  point  in  a  space  vehicle  is  pri¬ 
marily  dependent  on  the  characteristics  of  the 


local  structure.  The  relationship  between  the 
measured  vibration  and  the  structural  configura¬ 
tion  is  discussed  below. 

A  second  observation  is  that  the  highest  re¬ 
sponses  can  be  attributed  to  resonant  conditions 
of  structure  local  to  the  vibration  sensors,  and 
the  PSD’s  at'  these  responses  are  almost  two 
orders  of  magnitude  greater  than  the  general 
response  level. 

The  differences  between  the  vibration  at 
the  three  locations  are  best  illustrated  in  Fig. 

26.  The  capsule  sensor  has  the  lowest  level  of 
vibration,  never  exceeding  0.003  gVHz.  Refer¬ 
ring  to  Fig.  1,  this  low  level  can  be  explained 
by  the  fact  that  this  point  ::i  the  structure  is  well 
removed  from  the  acoustic  excitation  forces. 

The  capsule  is  supported  off  the  ring  at  station 
24  with  apparent  resonant  frequencies  at  64  and 
170  Hz  as  iiu  icated  by  ground  vibration  results. 
The  mass  associated  with  these  frequencies  is 
the  full  mass  of  the  capsule,  approximately  120 
lb,  and,  since  response  varies  inversely  with 
mass  (from  x  =  p/>  m  for  single  degree  of  free¬ 
dom  at  resonance),  this  response  was  low,  as 
expected.  The  response  of  the  capsule  sensor 
at  930  Hz  is  a  higher  mode  of  vibration  and 
represents  motion  local  to  the  sensor  location 
only. 

The  ring  sensor  Is  bolted  to  the  flange  of 
the  station  24  ring,  as  shown  in  Fig.  1.  This 
ring  is  the  juncture  ol  thr«»e  conical  sections 
(the  booster  adapter,  forward  frustum,  and  aft 
frustum),  and  it  consequently  has  relatively  high 
restraint  to  longitudinal,  radial,  and  tangential 
motions.  But  the  ring  will  twist  fairly  easily. 
The  flight  vibration  data  from  this  sensor  are 
again  as  expected:  the  vibration  levels  are  low, 
generally  less  than  0.01  g2/Hz,  except  in  the 
700-  to  900- Hz  range,  where  a  maximum  level 
of  0.30  g2/Hz  is  reached.  The  general  low  level 
is  representative  of  a  stiff  structural  juncture; 
the  high-frequency  response  results  from  a 
twist  mode  of  the  station  34  ring  and  is  repre¬ 
sentative  only  of  motion  local  to  the  vibration 
sensor. 

The  vibration  sensor  on  the  T&AC  frustrum 
is  located,  as  shown  in  Figs.  1  and  2,  on  the 
frustum  skin  between  an  attachment  point  of  the 
programmer  and  the  station  34  ring.  The  frus¬ 
tum  is  0.020  aluminum  skin  with  0.032  bent-up 
channel  stiffeners.  There  are  stiffeners  at  the 
programmer  attachment  points,  as  shown  in 
Fig.  2.  The  data  from  the  ground  vibration  test¬ 
ing  indicated  resonant  frequencies  of  65,  90, 
and  110  Hz  for  the  T&AC  subsystem.  Conse¬ 
quently,  in  this  frequency  range  the  frustum 
vibration  sensor  data  are  representative  of 
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Fig.  15.  Peak  vibration  levels,  powere  i  flight 


programmer  vibration.  Above  these  frequencies, 
the  programmer  is  for  all  practical  purposes 
vibration  isolated,  and  the  vibration  indicated 
by  the  frustum  sensor  is  representative  of  the 
sensor  motion  only  and  not  the  programmer. 
Thus,  the  relatively  high  levels  of  vibration  in¬ 
dicated  by  the  flight  sensor  in  the  150-  to  450- 
Hz  range  result  from  resonances  of  the  frustrum 
skin  local  to  the  vibration  sensor  only. 

Figure  26  is  reconstructed  in  Fig.  27  in 
terms  of  3c  p->ak  values  to  have  the  vibration  in 
units  comparable  to  the  sinusoidal  specifications 
applicable  to  this  program.  This  was  done  by 
reading  peak  values  of  gVHz  from  Fig.  26,  mul¬ 
tiplying  by  the  hall  power  frequency  bandwidth 
of  the  associated  peak,  taking  the  square  root 
to  obtain  the  lcr  rms  value,  and  then  multiplying 
this  by  3  to  obtain  a  3ct  value.  Normal  distri¬ 
bution  of  peaks  is  assumed. 

Internal  environment  envelopes,  drawn  on 
Figs.  26  and  27,  envelop  all  values  from  the 
three  sensors  a.  the  three  periods  of  maximum 
vibration:  liftolf,  transonic,  and  max  Q.  The 


peak  vibration  indications,  which  wpre  shown  to 
result  from  resonance  effects  of  the  vibration 
sensor  attachment,  were  not  included  in  these 
envelopes. 


COMPARISON  OF  FLIGHT  AND 
GROUND  TEST  VIBRATION 

Comparisons  of  the  flight  data  presented  in 
this  report  and  response  data  from  ground  vi¬ 
bration  testing  of  the  spacecraft  are  shown  in 
Figs.  28,  29,  and  30.  The  ground  test  data  were 
from  measurements  at  the  same  sensor  location 
as  the  flight  sensors,  except  for  the  frustum 
sensor.  The  difference  in  the  locations  of  this 
sensor  between  ground  test  and  flight  test, 
shown  in  Fig.  2,  is  close  enough  to  be  com¬ 
parable,  with  limitations. 

One  prominent  conclusion  which  can  be 
drawn  from  this  comparison  is  that  the  qualifi¬ 
cation  test  requirements  (Figs.  3  and  4)  are 
extremely  conservative.  The  most  significant 
structural  vibration  load  seen  in  flight  is  the 
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Fig.  17.  Flight  vibration  data, 
ring  sensor,  Mach  1 
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Fig.  19.  Flight  vibration  data,  frustum,  liftoff 


2.5-g  "pogo"  oscillation  juat  before  main  engine 
cutoff.  The  most  significant  structural  loads  In 
the  grout.d  test  are  at  the  60-  and  110- Hz  reso¬ 
nances,  where  load  factors  of  up  to  28  g  are 
seen  oi  the  TfcAC  subsystem  and  up  to  7  g  in 
the  capsule.  The  high-frequency  responses  are 
not  dir  ;ctly  applicable  to  structural  loads  or 
component  environments,  but  they  do  show  that 
the  ground  test  responses  exceed  100  g,  com¬ 
pared  to  maximum  flight  measurement  of  18  g. 


CONCLUSIONS  AND  RECOMMENDA¬ 
TIONS  FOR  THE  EXAMPLE 
SPACECRAFT 

On  the  basis  of  the  comparison  of  flight 
vibration  responses  and  ground  vibration  test 
responses,  the  system  qualification  test  re¬ 
quirements  as  shown  In  Fig.  3  are  very  con¬ 
servative,  The  giound  test  loads  are  higher 
by  factors  of  between  2.8  and  11.2.  The  ground 
test  lugh-frequency  responses  are  higher  than 
the  flight  measurements  by  factors  of  up  to  6.0. 


Although  reductions  of  system  qualification  test 
requirements  could  be  made  with  relatively 
small  loss  In  probability  of  flight  success,  the 
Increased  risk  of  failure  In  ground  qualifica¬ 
tion  testing  Is  also  small  and  is  the  preferred 
approach. 

The  Internal  vibration  envelope  (3.0  g  max) 
shown  in  Fig.  19  reveals  that  there  is  also  a 
high  degree  of  conservatism  In  the  component 
qualification  requirements  of  10  g  (5-1000  Hz) 
and  15  g  (1000-2000  Hz).  However,  as  in  the 
system  t»st  requirements,  the  recommendation 
is  made  lot  to  reduce  the  requirements. 

Althaugh  no  change  to  the  system  and  com¬ 
ponent  v.bratton  test  requirements  Is  recom¬ 
mended,  improvement  In  the  test  can  and  should 
be  made.  The  changes  should  be  to  a  better 
simulation  of  actual  flight  vibration  while  main¬ 
taining  the  present  high  degree  of  conservatism. 
This  would  Include  system  acoustic  testing  and 
random  and  sine  vibration  testing  at  both  the 
system  and  the  component  levels. 
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Fig.  24.  Flight  vibration  data,  capsule,  max  Q 
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Fig.  25.  Standard  IRIG  low-pass  filter  characteristics 
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Zb .  Composite  of  I  li^ht  vibration  data  obtained  by 
enveloping  liftoff,  transonic,  and  max  Q  data 
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Fig,  28.  Ground  test  and  flight  test 
measurements  compared,  ring  sensor 
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On  the  basis  of  the  random  and  sine  envi¬ 
ronment  envelopes  shown  in  Figs.  26  and  27, 
the  following  component  vibration  qualification 
requirements  would  be  recommended  for  future 
similar  spacecraft: 

1.  Random- vibration  qualification  test: 
20-2000  Hz,  0.10  gVcps  applied  for  4  min 
along  each  of  three  mutually  perpendicular 
axes; 

2.  Sinusoidal-vibration  qualification  test: 
10-2000  Hz,  6.0  g  (0  peak)  applied  as  a  fre¬ 
quency  sweep  at  the  rate  of  1  min/octave  going 
up  from  10  to  2000  Hz  and  back  to  10  Hz,  with 
amplitude  limited  by  shaker  capability,  along 
each  of  three  mutually  perpendicular  axes; 

3.  Both  random  and  sine  requirements  are 
to  be  applied,  but  separately. 

The  system  qualification  vibration  test  can 
at  best  be  a  compromise,  since  a  mechanical 
excitation  wili  not  generate  the  same  vibration 
responses  as  an  acoustic  excitation  and  since 
the  acoustic  environment,  including  correlation 
characteristics,  cannot  be  reproduced  accu¬ 
rately  in  the  test  laboratory.  For  the  subject 
spacecraft  the  following  recommendation  is 
made: 

1.  Sinusoidal  vibration,  10-200  Hz:  (a) 
constant-g  sine  sweep:  2.0  g  (0  peak)  longitudi¬ 
nal,  1.0  g  (0  peak)  lateral  (2  axes);  (b)  constant- 
force  sine  sweep:  F  =  2W  (spacecraft)  longitu¬ 
dinal,  F  r  W  (spacecraft)  lateral  (2  axes)  applied 
at  a  sweep  rate  of  1  min/octave  up  and  back, 
10-20G-10  Hz,  total  test  time  60  min. 

2.  Acoustic  test:  the  spacecraft  is  to  be 
mounted  on  a  structurally  similar  section  of  the 
booster  which  is  at  least  one  booster  diameter 
in  length  and  placed  in  a  reverberant  acoustic 
chamber.  The  acoustic  environment  generated 
in  the  chamber  shall  have  the  same  spectrum 
as  the  liftoff  acoustic  environment,  but  6  db 
hljher, 

3.  Random  vibration  (alternate  for  acous¬ 
tic  test):  a  frequency  of  100-  to  2000-Hz  flat 
spectrum  with  input  force  =  spacecraft  weight 
(rms  pounds)  applied  for  4  min  in  the  longi¬ 
tudinal  direction,  and  0.5  spacecraft  weight  for 
4  min  in  each  of  two  mutually  perpendicular 
lateral  axes.  Total  random  vibration  test  time 
is  12  min. 

COMPONENT  VIBRATION  CRITERIA 
FOR  THE  GENERAL  CASE 

The  empirical  approach  offered  below  is 
felt  to  be  a  practical  and  accurate  means  for 


predicting  the  internal  vibration  environment 
for  a  new  spacecraft.  The  app  >ach  recom¬ 
mended  entails  five  steps. 


Step  1  —  Compilation  of  Flight  Vibration 
Data  from  Similar  Spacecraft 

Similarity  criteria  are  covered  In.  steps  3 
and  4  below. 

Step  2  —  Evaluation  of  Flight  Data 

As  shown  in  the  example  spacecraft  of  this 
report,  it  ts  very  important  that  the  resonant 
peaks  indicated  by  the  flight  data  be  identified 
with  the  three  categories  of  resonance:  booster 
and  spacecraft  overall  structural,  component 
mounting,  and  sensor  mounting.  This  identifi¬ 
cation  is  easiest  when  accomplished  during  vi¬ 
bration  tests  prior  to  flight.  Without  these  data 
a  chart  similar  to  Fig.  31  can  be  developed. 

The  three  frequency  bands  for  spacecraft,  com¬ 
ponent,  and  sensor  resonances  are  shown  as 
being  very  broad  for  the  general  case.  For  a 
specific  spacecraft  these  frequency  bands  can 
be  made  narrower.  Figure  31  indicates  that 
any  resonant  peak  which  is  above  800  Hz  is  very 
probably  the  result  of  a  very  localized  resonance 
and  should  not  be  considered  as  component  vi¬ 
bration  environment.  Resonant  peaks  in  the  300- 
to  800- Hz  range  could  be  either  component 
resonance  (for  a  light  component)  or  sensor 
mounting  resonance. 

Evaluation  of  the  flight  data  should  also 
categorize  general  location  in  the  spacecraft, 
such  as  shell  mounted,  internally  mounted  (in¬ 
tegral  structure),  or  internally  mounted  (truss). 
A  truss  is  defined  as  any  relatively  large  mas¬ 
sive  structural  assembly  used  primarily  for 
che  support  of  equipment,  wich  high- impedance 
structural  path  to  the  outer  shell.  The  output 
of  this  step  is  a  definition  of  component  vibra¬ 
tion  environments  for  the  reference  spacecraft. 

Step  3  —  Conversion  Factors 

Establish  conversion  factors  relating  new 
spacecraft  to  reference  spacecraft  for  the  fol¬ 
lowing  parameters: 

Component  Location  —  The  applicable  ref¬ 
erence  spacecraft  dataTshell  mounted,  truss 
mounted,  etc.)  would  be  used  However,  if  data 
for  a  location  category  are  not  available,  fac¬ 
tors  relating  the  vibration  for  different  loca¬ 
tions  should  be  established  (for  example, 

^  internal  “  05  S  ,hp  1  |  ^.d  g  ,  , „  5  ,  =  0.25  g  sh„,  ,  , 
where  g  =  vibration  levei  in  gravity  units  and 
where  similar  spectra  are  assumed). 
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Fig.  31.  Frequency  lands  of  resonant 
frequencies  for  spacecraft  in  general 


Component  Weight  —  Adjust  the  vibration 
environment  by  the  factor  o(  0.5  db  (g  level)/ 
weight  ratio.  For  example,  an  environment 
which  causes  a  0.04  g2/Hz  peak  leve!  for  a  10- 
Jb  component  will  cause  a  0,04  g  2/Hz  +  5  db  or 
0.124  g2/Hz  peak  level  for  a  1-lb  component. 

Spacecraft  Density  (in  Terms  of  Weight  per 
Unit  Surface  Area)  —  Obt ai  t  this  factor  by  di- 
viding  the  total  spacecraft  weight  by  the  space¬ 
craft  external  surface  area  exposed  to  the 
acoustic  environment.  Use  this  in  the  rela¬ 
tionship 


Pnr*  _  ^Dfif 
t?rrf  ^Dnc« 

Spacecraft  Structural  Damping  —  This  fac¬ 
tor  can  be  applied  only  as  an  approximation  since 
damping  properties  are  not  predictable  with  any 
degree  of  accuracy.  Monocoque  shells,  large 
flat  panels,  welded  joints,  and  generally  simple 
structures  will  be  lightly  damped.  Complex 
built-up  structures  with  bolted  or  riveted  joints 
and  no  plain,  flat  panels  will  be  heavily  Jamped. 
Corrections  should  be  made  if  either  the  old 


or  the  new  spacecraft  tends  toward  either 
extreme: 

e  y  =  ff  v 

°np»  nrw  °  rpf  r  ref 


Sound  Pressure  Level  of  the  Acoustic  En¬ 
vironment  -  The  liftoff  environment  is  gener¬ 
ally  more  severe  than  transonic  or  max  Q  and 
is  the  main  criterion.  However,  any  sharp  ir¬ 
regularities  (hammer  heads)  in  the  external 
contours  should  be  taken  into  consideration. 


if  n  v  w 

SPL„„. 


%  rrf 

SPL." 


where  SPL  =  sound  pressure  lead,  psf. 


Step  4  -  Prediction  of  New  Space¬ 
craft  Internal  Environment 

This  prediction  is  accomplished  by  com¬ 
bining  steps  2  and  3. 


/ 
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Step  5  -  Define  Component 
Qualification  Levels 

It  is  usual  practice  to  define  component 
vibration  qualification  levels  at  1.5  times  the 
maximum  environment  levels.  This  Is  an 
artificial  factor  since  the  environment  Is  never 
accurately  definable  at  the  time  the  qualification 
levels  are  established.  Often  the  component 
qualification  requirements  are  defined  first, 
and  the  environment  level  is  then  defined  as 
equal  to  67  percent  of  the  qualification  levels. 

If  sufficient  meas-.crd  vibration  data  are 
available,  a  statistical  analysis  can  be  per¬ 
formed,  and  acceptance  levels,  flight  environ¬ 
ment  levels,  and  qualification  levels  can  be 
defined  In  terms  of  percentiles,  confidence 
lines,  or  other  terms,  depending  on  the  type  of 
analysis  performed.  The  approaches  used 
throughout  the  Industry  vary,  and  unfortunately 
the  qualification  levels  developed  also  vary. 

If  the  approach  recommended  here  Is  used, 

i.e.,  reducing  the  hich-frequency  peaks  resulting 
from  vibration  sensor  mounting  resonance,  a 
factor  of  2  Is  recommended  between  the  maxi¬ 
mum  vibration  g  level  predicted  and  the  qualifi¬ 
cation  g  level. 


SPACECRAFT  TESTING  FOR 
THE  GENERAL  CASE 

There  are  four  basic  reasons  for  perform¬ 
ing  vibration  testing  of  the  complete  spacecraft: 

1.  Demonstrate  structural  integrity; 

2.  Demonstrate  the  adequacy  of  electrical 
wiring,  tubing  and  ducting,  and  associated  con¬ 
nectors  and  bracketry; 

3.  Verify  the  performance  of  equipment  in 
the  spacecraft; 

4.  Demonstrate  that  the  total  system  will 
function  properly  and  within  specification  limits 
during  and  after  exposure  to  the  flight  vibration 
environments. 

The  actual  High*  vibrations  can  be  divided 
Into  low  frequency  (below  100  Hz)  vibrations, 
resulting  from  the  total  booster  system  vibra¬ 
tion,  and  high-frequency  vlbrationa  resulting 
from  the  acoustic  environment.  The  low- 
frequency  vibrations  can  be  faithfully  repro¬ 
duced  In  the  system  vibration  test,  but  not  the 
high-frequency  acoustically  induced  vibrations. 
Ideally,  a  combined  vibration  and  acoustic  test 
would  be  performed.  However,  since  the 


significant  structural  loads  result  from  the 
low-frequency  vibrations  and  since  the  sig¬ 
nificant  component  vibration  Is  in  the  high- 
frequency  range,  the  separate  performance  of 
low-frequency  vibration  and  acoustic  tests  Is 
permissible. 

The  amplitude  of  excitation  of  the  low- 
frequency  vibration  Is  determined  most  logi¬ 
cally  through  analyses  of  booster  dynamic  re¬ 
sponse  to  determine  spacecraft  structural  loads 
and  analyses  of  spacecraft  dynamic  response  to 
determine  what  excitation  is  needed  to  match 
these  loads.  Both  constant-g  sine  testing  and 
constant-force  sine  testing  should  be  performed 
so  that  both  low-impedance  and  high-impedance 
resonant  modes  are  excited. 

The  acoustic  test  should  be  performed  with 
the  acoustic  level  higher  than  expected;  a  6-db 
increase  is  recommended.  A  section  of  the 
booster,  one  diameter  in  length,  should  be  at¬ 
tached  to  this  spacecraft  in  the  acoustic  test. 

H  the  performance  of  the  acoustic  test  Is 
not  feasible,  a  random-vibration  test  may  be 
substituted.  However,  the  amplitude  of  excita¬ 
tion  Is  difficult  to  define  because  of  the  inherent 
Inaccuracy  of  this  test  approach,  i.e.,  because 
of  the  use  of  a  point  application  of  a  mechanical 
force  to  represent  an  acoustic  excitation.  It  Is 
recommended  that  a  best  estimate  of  the  ran¬ 
dom  excitation  force  be  made,  arid  this  excita¬ 
tion  be  adjusted  to  give  the  predicted  response 
Internal  to  the  spacecraft. 


CONCLUSIONS 

The  conclusions  reached  In  this  report 
center  on  the  three  basic  points  summarized 
below.  It  Is  hoped  that  the  data  and  arguments 
which  have  been  presen'  have  convinced  the 
reader  of  the  plausibility  not  the  validity  of 
the  conclusions  reached,  and  that  sufficient  In¬ 
terest  has  been  aroused  for  others  to  look  for 
the  data  which  will  prove  or  disprove  these 
conclusions  for  their  case  In  hand. 

Vibration  testing  of  a  complete  spacecraft 
cannot  be  made  to  duplicate  internal  flight  vibra 
tion  environments  satisfactorily.  Because  of 
this  discrepancy,  the  system  test  results  should 
not  be  used  to  define  internal,  or  component, 
environments,  internal  environments  should  be 
defined  from  flight  vibration  measurements  on 
similar  spacecraft.  The  system  vibration  test 
has  its  primary  usefulness  in  demonstrating 
structural  integrity  and  the  adequacy  of  tubing, 
ducting,  electrical  wiring,  and  associated  con¬ 
nectors  and  bracketry. 
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Flight  vibration  m*-sure  meats  must  be 
frequency  analyzed  and  identification  made  of 
the  resonant  peaks  as  to  whether  they  are  rep¬ 
resentative  of  component  environment.  Any 
narrow-band,  high-level  vibration  above  300  Hz 
is  open  to  question;  peaks  above  800  Hz  should 
be  ignored. 


are  held  to  be  actually  higher  than  usually 
assumed,  because  sensor  mounting  reso¬ 
nances  are  not  usually  corrected.  Because 
of  the  many  uncertainties  involved  with  both 
the  environment  and  the  component  capa¬ 
bility,  large  margins  are  necessary.  A  min¬ 
imum  of  2:1  is  recommended,  and  margins 
of  up  to  3:1  are  preferred. 


The  margins  between  the  flight  vibration 
levels  and  the  qualification  levels  of  components 


MEASUREMENT  AND  ANALYSES  OF  GUN  FIRING 
AND  VIBRATION  ENVIRONMENTS  OF 
THE  RIVER  PATROL  BOAT 


R.  S. Reed 

Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland 


The  River  Patrol  Boat  (PBR)  is  a  30-ft,  dual-engine,  fiber-glass  boat  which  uses  a 
pump  propulsion  system.  The  vibration  environment  was  measured  at  seven  loca¬ 
tions,  chosen  because  they  were  present  or  proposed  weapon  mounting  locations  or 
because  they  were  logical  storage  locations.  The  measurements  were  made  under 
conditions  w'hich  included  high  speed,  medium  speed,  bow  slap  (condition  created  by 
turning  into  the  wake),  and  gun  firing.  The  data  were  analyzed  using  a  general  pur¬ 
pose  digital  computer  to  determine  power  spectra,  amplitude  distribution,  and  shock 
spectra  (when  appropriate).  In  general,  the  analyses  indicated  that  most  of  the  vi¬ 
bration  energy  was  below  400  Hz  and  that  overall  acceleration  levels  ranged  from 
0.07  to  0.86  g  rms  (excluding  the  firing  data).  The  amplitude  distributions  had 
Garssian  forms.  The  transient  firing  data  had  peaks  as  high  as  23  g;  the  major 
shock  rpectrum  peaks  occurred  at  1500  Hz  and  were  in  the  50-  to  100-.’  range. 


INTRODUCTION 

The  recent  and  extensive  application  of 
small  craft  for  river  patrol  duty  has  created  a 
need  for  a  more  thorough  understanding  of 
small  craft  vibration  environments.  Vibration 
measurements  were  made  on  the  Patrol  Boat, 
River  (PBR)  (Fig.  1).  The  analyses  of  these 
data  are  summarized  in  this  paper.  The  inter¬ 
pretation  of  the  results  is  left  to  the  designers 


and  environmental  engineers  using  the  in¬ 
formation. 

So  that  an  efiective  measurement  and  anal¬ 
ysis  program  could  be  planned,  preliminary 
measurements  were  made  using  hand-held  vi¬ 
bration  transducers  and  portable  level  meters. 
The  measurements  helped  to  determine  to  what 
extent  the  vibration  environment  was  dependent 
on  location,  direction,  and  the  speed  of  the  boat. 


Fig.  1.  Patrol  Boat,  River 
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INSTRUMENTATION  AND  ANALYSIS 

Using  the  measurements  and  a  certain 
amount  of  judgment,  seven  locations  were 
chosen  as  representative  of  the  vibration  ex¬ 
tremes  found  on  the  boat.  The  locations 
chosen  are: 

1.  The  carriage  of  the  Mk  St  Mod  0  Twin 
0.50-cal.  machine  gun  (Fig.  2a).  This  location 
was  chosen  primarily  to  measure  the  transient 
created  by  the  gun  firing. 

2.  The  storage  area  in  the  bow  (Fig.  2b). 
This  location  was  chosen  because  it  is  the 
most  logical  for  staring  munitions.  The  pre¬ 
liminary  measurements  had  Indicated  that  the 
levels  were  significant. 

3.  The  rear  armament  mount  (Fig.  2c). 

The  mount  was  without  a  weapon  during  the 
test,  which  would  indicate  that  more  data  would 
be  necessary  if  meaningful  estimates  of  the  en¬ 
vironment  were  needed  for  the  loaded  condition. 
The  locations  were  at  the  deck  below  the  mount 
and  the  top  of  the  tripod  mount  itself. 


4.  The  forward  gun  mounting  ring,  port 
and  star  board  (Fig.  2d).  These  locations  were 
instrumented  primarily  because  of  the  presence 
of  the  0.50-cal.  machine  gun  which  was  in  place. 
The  locations  would  also  generate  information 
which  would  be  of  use  in  evaluating  lighting  and 
sighting  devices  which  might  be  used  with  the 
gun. 

5.  The  gunwales  (upper  edge  of  a  boat 
side)  (Fig.  2e).  These  have  been  suggested  as 
a  possible  location  for  the  mounting  of  arma¬ 
ment.  Preliminary  measurements  indicated 
significant  levels  at  this  location. 

6.  The  locations  which  were  instrumented 
are  shown  schematically  in  Fig.  3.  In  addition 
to  the  obvious  dependence  on  location  and  direc¬ 
tion,  it  was  assumed  that  the  vibrations  were 
dependent  on  boat  condition.  For  this  reason 
three  conditions,  in  addition  to  gun  firing,  were 
chosen  as  typifying  those  found  in  service.  The 
high-speed  (24  knots  at  2600  rpm)  condition  was 
chosen  as  representative  of  the  craft  when  in 
pursuit  or  retreat.  The  medium- speed  (20 
knots  at  2000  rpm)  condition  was  chosen  as 


Fig.  Z.  Accelerometer  locations 
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Fig.  3.  Schematic  diagram  of 
accelerometer  locations 


representative  o l  the  boat  during  normal  patrol. 
The  final  condition  was  bow  slap,  the  condition 
created  by  turning  the  boat  into  its  own  wake  at 
full  speed  (a  maneuver  which  slowed  the  boat 
considerably).  The  gun  firing  or  transient  data 
were  recorded  with  the  boat  at  a  speed  which 
was  just  sufficient  for  holding  its  course  Be¬ 
cause  of  mechanical  difficulties,  only  a  single 
gun  was  fired.  The  spin  was  fired  to  port. 

To  avoid  problems  which  might  be  encoun¬ 
tered  in  adapting  instruments  to  operate  on  the 
boat's  internal  power,  it  was  decided  to  devise 
instrumentation  (Fig.  4)  that  could  operate 
completely  Independently  of  the  boat.  Since  the 
Honeywell  8100  recorder  has  facilities  for  op¬ 
erating  on  two  12-v  batteries,  this  was  chosen 
as  the  recorder,  and  two  12-v  lead  storage  bat¬ 
teries  were  chosen  as  the  power  pack.  A  Terado 
600-w  inverter  was  used  to  produce  110-v,  60- 
cycle  power  lor  the  remaining  instrumentation 
gear.  The  transducers  chosen  were  Endevco 
model  2272  piezoelectric  accelerometers.  The 
outputs  of  six  accelerometers  were  recorded 
using  Endevco  model  2712A  charge  amplifiers 
for  impedance  and  sensitivity  requirements. 

The  six  data  channels  were  periodically  given 
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Fig.  4.  Instrumentation 
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TABLE  1 

Overall  Acceleration  Levels  (rms  g) 


Condition  and  Axis 

50-Cal. 
Mounting 
Ring,  Port 

50-Cal. 

Mounting 

Rin.;, 

Starboard 

Forward 
Below  Deco. 
Storage 
Area 

Port 

Gunwale 

Deck  at 
Rear 
Mount 

Rear 

Armament 

Mount 

High  speed,  X 

■a  . 

— 

mi 

0.86 

_ 

0,63 

High  speed,  Y 

0.12 

0.75 

0.64 

High  speed,  Z 

0.16 

0.14 

|  gj  | 

0.77 

0.73 

0.88 

Bow  slap,  X 

0.17 

— 

0.82 

— 

0.73 

Bow  slap,  Y 

0.11 

0.12 

0.83 

0.73 

0  83 

Bow  slap,  Z 

0.15 

0.13 

0.25 

0.75 

0.83 

0.73 

Medium  speed,  X 

0.10 

— 

— 

0.60 

— 

0.45 

Medium  speed,  Y 

0.09 

0.14 

0.08 

0.36 

0.29 

0.40 

Medium  speed,  Z 

0.07 

0.11 

0.20 

0.44 

— 

0.44 

a  1.34-v  step  calibration  signal.  The  seventh 
channel  was  used  alternately  for  voice  and  an 
additional  5 00- Hz  sinusoidal  calibration.  A 
Tektronix  xidel  321  oscilloscope  was  used  to 
check  the  data  tapes. 


Steady-State  Analysis 

Oscillograph  playback  and  high-pass  filters 
with  meter  readout  indicated  that  the  vibration 
levels  were  insignificant  above  4  kHz  for  the 
nonfiring  runs.  Two- second  portions  of  data 
were  then  digitized  using  an  8-kHz  sampling 
rate.  The  firing  run  data,  however,  indicated 
that  higher  frequencies  were  present.  For  this 
reason  the  firing  data  were  digitized  at  a  16-kHz 
sampling  rate.  The  nonfiring  data  were  analyzed 
for  PSD  (Blackman-Tukey  method  [1])  and  am¬ 
plitude  distribution. 

Tiie  overall  levels  of  vibration  are  shown 
in  Table  1,  which  shows  that  the  acceleration 
levels  were  dependent  on  location,  orientation, 
and  boat  conditions. 


The  amplitude  distribution  of  the  vibration 
data  had  a  Gaussian  form.  A  typical  distribution 
is  presented  in  Fig.  5.  Table  2  shows  the  prob¬ 
ability  (for  the  conditions  indicated)  of  the  am¬ 
plitude  falling  between  tl  standard  deviation. 

The  probabilities  again  indicate  the  near- 
Gaussian  shapes  present  in  the  amplitude  dis¬ 
tributions.  This  value  for  true  Gaussian  data 
is  0.682. 

The  power  spectra  shape  (50- Hz  resolution 
bandwidth)  proved  to  be  principally  dependent  on 
location  and  orientation  and  only  slightly  depend¬ 
ent  on  boat  conditions.  The  high-speed  and  bow- 
slap  conditions  created  almost  identical  spectral 
shapes.  The  medium-speed  results  varied  from 
the  other  two  by  a  slight  shift  in  the  frequency 
of  the  peak  power  spectral  value.  The  frequency 
shifted  up  in  some  cases  and  down  in  others. 

The  similarity  in  spectral  shape  could  lie  caused 
by  a  broad-band  driving  force  which  is  present 
in  oil  three  conditions.  Table  3  shows  the  value 
ai  d  frequency  of  the  PSD  peaks. 

The  PSD  results  are  presented  in  Tables  4 
and  5  in  terms  of  the  cutoff  frequencies  for  the 
accumulation  of  50  and  90  percent  of  the  vibra¬ 
tory  energy.  The  50  percent  cutoff  is,  by  some 
definitions,  the  data  bandwidth.  Table  4  reveals 
that  the  vibration  at  the  deck,  below  the  rear 
mount,  had  the  largest  bandwidth.  Inspection  of 
the  power  spectral  plots  indicates  that  this  is 
true.  Table  5  (the  90  percent  cutoff  frequency) 
shows  that  energy  is  present  in  the  higher 
frequencies. 

Figures  6  through  20  show  the  PSD  and 
cumulative  power  (Jotted)  for  six  locations  in 
three  orientations.  The  PSD  is  shown  for 
only  one  condition  because  of  the  independ¬ 
ence  of  spectral  shape  with  respect  to  boat 
condition. 
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TABLE  2 

Amplitude  Probability  Bet  .,  een  Plus  and  Minus  One  Standard  Deviation 


Condition  and  Axis 

50-Cal. 
Mounting 
Ring,  Port 

50-Cal. 

Mounting 

Ring, 

Starboard 

Forward 
Below  Deck 
Storage 
Area 

Port 

Gunwale 

;  . .  „  . 

Deck  at 
Rear 
Mount 

Rear 

Armament 

Mount 

High  speed,  X 

0.698 

mem 

0.683 

— 

High  speed,  Y 

0.684 

WEm 

0.667 

0.669 

High  speed,  Z 

0.653 

1  f 

0.678 

0.678 

Bow  slap,  X 

0.668 

0.674 

— 

i 

Bow  slap,  Y 

— 

■ . 

0.655 

0.687 

Bow  slap,  Z 

0.658 

■8K 

0.668 

0.682 

■ 

Medium  speed,  X 

0.682 

— 

0.668 

— 

!  1 

Medium  speed,  Y 

0.662 

0.721 

0.679 

0.670 

0.679 

'  r;  | 

Medium  speed,  Z 

0.659 

0.641 

0.666 

0.649 

J 

— 

1 

TABLE  3 

?  Peak  Power  Spectral  Density  Values 


Condition  and  Axis 

50-Cal. 
Mounting 
Ring  Port 

50-Cal. 

Mounting 

Ring, 

Starboard 

Forward 
Below  Deck 
Storage 
Area 

— 

Port 

Gunwale 

Deck  at 
Rear  Mount 

Rear 

Armament 

Mount 

6 

Hz 

_ 

g 

g 

Hz 

g 

Hz 

g 

Hz 

g 

Hz 

High  speed,  X 

0.00020 

124 

__ 

__ 

0.00347 

223 

_ 

■ 

0.00195 

124 

High  speed,  Y 

0.00006 

136 

0.00007 

99 

0.00005 

149 

0.00583 

124 

0.00194 

fig 

0.00638 

173 

High  speed,  Z 

0.00025 

124 

0.00010 

124 

0.00053 

124 

0.00317 

124 

0.00494 

224 

Bow  slap,  X 

0.00031 

124 

— 

— 

— 

— 

0.00333 

223 

— 

0.00342 

124 

Bow  slap,  Y 

— 

— 

0.00006 

173 

0.00011 

99 

0.00839 

124 

0.00151 

124 

0.00425 

174 

Bow  slap,  Z 

0.00029 

124 

0.00019 

!24 

0.00050 

124 

0.00431 

124 

0.00660 

124 

0.00278 

223 

Medium  speed,  X 

0.00010 

173 

— 

— 

— 

— 

0.00497 

198 

— 

0.00312 

223 

Medium  speed,  Y 

0.00007 

149 

0.00025 

174 

0.00008 

198 

0.00101 

198 

198 

0.00119 

223 

Medium  speed,  Z 

0.00004 

173 

0.00016 

198 

0.00054 

200 

0.00183 

198 

- 

- 

0.00267 

223 

"ABLE  4 

50  Percent  Energy  Cutolf  Frequency  (Hz) 


Condition  and  Axis 

50-Cal. 
Mounting 
Ring,  Port 

50-Cal. 

Mounting 

Ring, 

Starboard 

Forward 
Below  Deck 
Storage 
Area 

Port 

Gunwale 

Deck  at 
Rear 
Mount 

Rear 

Armament 

Mount 

High  speed,  X 

124 

RH1 

__ 

770 

_ 

198 

High  speed,  Y 

198 

164 

161 

819 

185 

High  speed,  Z 

124 

■HI 

173 

241 

223 

229 

Bow  slap,  X 

149 

■a 

— 

521 

— 

173 

Bow  slap,  Y 

- 

mM 

136 

149 

919 

189 

Bow  slap,  Z 

136 

Ri 

173 

210 

198 

231 

Medium  speed,  X 

161 

mm 

— 

198 

— 

226 

Medium  speed,  Y 

173 

173 

206 

223 

670 

206 

Medium  speed,  Z 

157 

185 

203 

210 

- 

235 

TABLE  5 

90  Percent  Energy  Cutoff  Frequency  (Hz) 


Boat  Condition  and 
Orientation 

50-Cal. 
Mounting 
Ring,  Port 

50-Cal. 

Mounting 

Ring, 

Starboard 

Forward 
Below  Deck 
Storage 
Area 

Port 

Gunwale 

Deck  at 
Rear 
Mount 

Rear 

Armament 

Mount 

High  speed,  X 

248 

993 

695 

High  speed,  i 

1093 

1316 

844 

795 

1739 

372 

High  speed,  Z 

273 

695 

447 

1714 

— 

2459a 

Bow  slap,  X 

248 

— 

— 

993 

2459b 

944 

Bow  slap,  Y 

— 

1316 

919 

770 

1763 

745 

Bow  slap,  Z 

347 

447 

372 

1664 

2459c 

2459d 

Medium  speed,  X 

223 

— 

— 

770 

— 

273 

Medium  speed,  Y 

322 

223 

720 

819 

1689 

596 

Medium  speed,  Z 

472 

223 

273 

1639 

— 

844 

a88.7  percent. 
^87.3  percent. 
c88.5  percent. 
d85. Z  percent. 


acceleration  power  spectral  density 
(’IR  virraticn  environment  t 

RING  PORT  IN  X  HIGH  SPD 


FREQUENCY  |Hi| 

Fig.  6.  PSD,  ring,  port,  X  axis,  high  speed 


Transient  Analysts 

The  gun-fiiing  transients  were  analyzed 
using  shock  spectral  techniques  as  defined  in 
Ref.  [2].  A  transient  was  not  always  separable 
front  the  steady-state  vibration  in  some  loca¬ 
tions.  For  this  reason,  no  spectra  were  calcu¬ 
lated  for  these  locations.  The  peak  accelera¬ 
tions  found  in  the  actual  transients  are  shown 
in  Table  6.  Shock  spectra  for  all  three  orien¬ 
tations  were  calculated  for  the  carriage  and 
port  mounting  ring,  and  are  shown  in  Figs.  21 
and  22.  The  shock  spectra  for  additional  loca¬ 
tions  are  shown,  in  part,  in  Fig.  23.  The 


transients,  in  general,  had  a  duration  of  200 
msec.  The  interval  between  transients  was  ap¬ 
proximately  274  msec.  The  fact  that  this  in¬ 
terval  exceeds  the  transient  duration  means 
that  no  buildup  occurred  as  a  function  at  the 
firing  duration. 


Summary 

The  rms  levels  ranged  from  0.07  to  0.86  g. 
The  data  bandwidth  found  in  the  PSD  computa¬ 
tion  was,  In  most  cases,  below  400  Hz.  The  ex¬ 
ceptions  to  this  were  the  data  obtained  at  the 
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ACCELERATION  ROWER  SPECTRAL  DENSITY 
RRR  VIRRATION  ENVIRONMENT  7 

RING  RORY  IN  Y  HIGH  SRD 


fREQUENCY  (Hi] 

Fig.  7.  PSD,  ring,  port,  V  axis,  high  speed 


ACCELERATION  ROWER  SPECTRAL  DENSITY 
PBR  VIBRATION  ENVIRONMENT  13 
RING  PORI  IN  l  HIGH  SPD 


fv’EQUENCY  (Hi] 

Fig.  8.  PSD,  ring,  port,  Z  axis,  high  speed 


gunwale  and  deck  (at  the  rear  mounts).  The 
amplitude  distributions  were  Gaussian  in  form; 
peaks  as  high  as  four  .imes  the  rms  level  were 
found.  The  gun-firing  transients  were  as  high 
as  23  g  at  locations  on  the  gun  mount.  Shock 
spectral  values  were  approximately  80  g  at 
1500  Hz. 

CONCLUSIONS 

The  vibration  data  found  on  the  PBR  were 
not  excessively  high.  Thv  levels  found  would 


not  ordinarily  be  destructive  for  short  periods 
of  exposure.  It  should  be  kept  in  mind  that 
these  craft  are  used  for  patrol  duty,  and  there¬ 
fore  weapons  used  on  these  craft  are  subjected 
to  the  environment  for  long  periods  of  time. 
The  levels  of  the  shock  may  not  be  considered 
destructive  in  a  single  occurrence;  however, 
the  transients  occur  eight  times  a  second  dur¬ 
ing  gun  firing.  Here  again  the  severity  oi  this 
environment  should  be  judged  with  the  long 
durations  of  the  environment  in  mind. 


% 


/ 


211 


ACCtURATiON  POWER  SPECTRAl  DENS  IV 
PBR  VIBRATION  ENVIRONMENT  19 

RSNG  STB  IN  Y  HIGH  $PD 


o 

1/1 

& 

o 


o 

z 


o 

o 


o 

a 


FREQUENCY  IHi| 


Fig.  9.  PSD.  ring,  starboard,  Y  axis,  high  speed 


ACCEIERATION  POWER  SPECTRAl  DENSITY 
PBR  VIBRATION  ENVIRONMENT  25 

RING  STB  IN  Z  HIGH  5FD. 


Fig.  10.  PSD,  ring,  starboard,  Z  axis,  high  speed 
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CUMUIATIVE  ROWER  |*-.l 


PSO  Dl  IOIOG  (NORMALIZED  PSD) 


ACCELERATION  POWER  SPECTRAt  DENSITY 
Pit  VlltATlON  ENVIRONMENT  17 

STOtAGE  AtEA  Y  HIGH  SPD 


Fig.  11.  PSD,  storage  area,  Y  axis,  high  speed 


ACCEIEIATION  powei  spectral  density 
PIR  VlltATlON  environment  7» 


Fig.  1  i.  PSD,  storage  area,  7.  axis,  high  speed 


/ 


213 


CUMULATIVE  POWER  \%\ 


acceleration  rower  spectral  DENSITY 

PRR  VlRRATlON  ENVIRONMENT  A 

OUNWAIE  IN  X  HIGH  SRC. 


FILTER  I W  49  6 

RMSOUfl 

NORMAL  RSOO  00029SI4G'/Hi 


s  ,4r 


0  312  3  *250  937  5  12500  1562  5  11750  2117  5  2500  0 

FREQUENC  Y  (Hi) 

Fig.  13.  PSD,  gunwale,  X  axis,  high  speed 


ACCELIRAiiON  POWER  SPECTRAL  DENSITY 
PI*  VIlRATiON  ENVIRONMENT 

10  gunwale  in  y  high  spo. 


FILTER  IW  49  * 

RMS  0.7  5« 

NORMAL  PSO  0  00023300 


0  312.5  673.0  937  5  1730.0  1367.3  1175.0  2117  5  7300  0 

FREQUENCY  (Mi| 

Fig.  14.  PSD,  gunwale,  Y  axis,  high  speed 


PSD  DR-TOLOG  (NORMALIZED  PSD|  rst>  OR  10LOG  INORmauZEO  PSOl 


ACCELERATION  POWER  SPECTRAL  DENSITY 
PIR  viSEaS  On  environment  16 

GUNWALE  Z,  HIGH  SPEED 


0  312  5  625~0  9V  5  1 250  0  1 562  5  1875  0  2IR2  5  2500  0 

PREOUENCY  (Mil 


Fig.  15.  PSD,  gunwale,  Z  axis,  high  speed 


ACCELERATION  POWER  SPECTRAL  DENSITY 
PER  VIRRATION  ENVIRONMENT  31 

REAR  MOUNT  X  HIGH  SPO. 


Fig.  16.  PSD,  rear  mount,  X  axis,  high  speed 
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CUMULATIVE  POWER  (%|  CUMULATIVE  POWER  (%l 


ACCELERATION  POWER  SPE  *TR  Al  OENSITY 
PftR  VIRRATION  ENVIRONMtNT  34 
YEAR  MOUNT  Y  HIGH  SPO 


ACCELERATION  POWER  spectral  DENSITY 
per  vibration  Environment  37 
REAR  MOUNT  l  HIGH  SPD 


0  31!  5  635  0  937  5  1250  0  1562  5  1875  0  2187  5  2500  0 

EREOUENCY  iMil 


Fig.  18.  PSD,  rear  mount,  Z  axis,  high  speed 
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CUMULATIVE  POWER  fit  CUMULATIVE  POWER  l%l 


PSD  0»  IOIOG  (NORMALIZED  PSDI  PSD  DB  IOIOG  {NORMALIZED  PSDI 


ACCELERATION  POWER  SPECTRAl  OENSlTY 

PSR  vibration  environment  40 

DECK  AT  t  M.  T  HIGH  SPO 


EREOUENCY  {Hi | 


Fig.  19.  PSD,  deck  at  rear  mount,  Y  axis,  high  speed 


ACCEIERATION  POWER  SPECTRAl  DENSITY 
PBR  VIBRATION  ENVIRONMENT  43 
DECK  AT  I.  M.  Z  HIGH  SPO. 


EREOUENCY  {Hi | 

Fig.  Z0.  PSD,  deck  at  rear  mount,  7.  axis,  high  speed 
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SCALE-MODEL  WIND-TUNNEL  ACOUSTIC  DATA* 


John  R.  Baratono  and  Frank  A.  Smith 
Martin-Marietta  Corporation 
Denver,  Colorado 


Boundary-layer  acoustic  noise  data  were  measured  on  numerous  7  percent  scale-model 
vehicle  configurations  during  wind-tunnel  tests  at  the  AEDC  facility.  Sound  pressure 
levels  (SPL)  were  obtained  over  a  Mach  range  of  0.6  to  1.2  for  each  of  six  vehicle  con¬ 
figurations  over  a  range  of  tunnel  conditions.  For  each  configuration,  frtm  6  to  10  mi¬ 
crophones  were  installed  flush  to  the  external  skin  surface.  These  microphone  locations 
were  chosen  on  the  basis  of  both  maximum  turbulent  regions'  (separated  flow)  and  appli¬ 
cable  full-scale  equipment  locations. 

The  data  are  presented  in  the  form  of  one-third  octave  band  SPL's  lor  the  various  tunnel 
test  conditions:  Mach  number,  dynamic  pressure,  angle  of  attack,  and  vehicle  configura¬ 
tion.  Approximately  1500  acoustic  plots  are  presented,  permitl  ng  a  detailed  evaluation 
of  boundary- layer  noise  for  a  wide  range  of  conditions.  I 

The  test  mode!  was  a  7  percent  aeroelastic  Titan  111  booster  with  six  payload  coniiguru-  | 
tions:  (a)  configuration  31,  similar  to  that  used  in  the  Titan  111  HST  launch  at  Cape 
Kennedy;  (b)  Titan  111  with  15-deg  half-angte  conical  nose;  (c)  configuration  41,  similar  to 
that  used  in  the  Titan  111  HST  launch  at  Cape  Kennedy  (except  without  protuberances);  (d) 
Titan  Ill  with  two -man  SV  -  5  orbital  vehicle;  (e)  Titan  111  with  1  3-ft-dian,  40-  ft  cylinder 
Apollo  with  launch  escape  system,  (f)  Titan  111  with  13-ft-diam,  ZO-ft  cylinder  and  Apollo 
with  launch  escape  system. 

The  microphones  used  to  measure  the  pressure  oscillations  were  model  714  Photocon.s; 
scale-model  one-third  octave  plots  cover  the  frequency  range  from  160  to  31,500  H/.. 


INTRODUCTION 

This  report  is  concerned  primarily  with 
disseminating  boundary  -layer  acoustic  noise 
data  on  7  percent  scale-  model  vehicle  configu¬ 
rations  during  wind-tunnel  tests  at  the  AEDC 
facility.  The  models  consisted  of  a  dynamically 
similar  model  of  the  Titan  in  booster  and  solid 
rocket  motors  together  wUh  a  number  of  various 
payloads  and  upper  stages.  A  description  of  the 
various  payloads  and  upper  stages  is  as  follows; 
a  i5-deg  half-angle  conical  nose,  a  two-man 
SV-5  orbital  vehicle,  a  13-ft-diam,  40-ft  cylin¬ 
der  and  Apollo  with  launch  escape  system,  a 
13-ft-diam,  20-ft  cylinder  and  Apollo  with 
launch  escape  system,  configuration  31,  which 
is  similar  to  that  used  in  the  Titan  in  HST 
launch  at  Cape  Kennedy,  and  finally  a  configura¬ 
tion  sin.tlar  to  31,  except  that  it  has  no 
protuberances. 

Sound  pressure  levels  were  measured  at 
several  selected  locations  along  each  of  the  six 
model  configurations.  The  data  were  reduced 
in  the  form  of  one-third  octave  band  analyses 
and  overall  SPL's.  Because  each  configuration 


♦  This  paper  was  no*  presented  at  I  he  Symposium. 


yielded  approximately  30  pages  of  one-third 
octave  band  analyses,  only  one  configuration 
(31)  was  selected  for  presentation  here.  The 
one-third  octave  band  spectra  for  the  other 
configurations  are  included  in  the  Martin 
Marietta  Corporation  rt  port  totheAir  Force[l]. 

TEST  DESCRIPTION 
Test  Facility 

The  tests  were  conducted  in  the  transonic 
(16T)  wind-tunnel  circuit  of  the  propulsion  wind 
tunnel  (PWT)  at  the  AEDC.  The  16T  tunnel  is  a 
con'.inucus  flow,  closed-circuit  wind  tunnel  ca¬ 
pable  of  operation  from  a  stagnation  pressure 
level  of  40  to  4000  psfa.  The  test  section  meas¬ 
ures  16  by  16  by  40  ft  and  is  lined  with  per¬ 
forated  plates  to  allow  continuous  operation  with 
minimum  wall  interference  in  the  Mach  number 
range  of  0.5  to  1.6.  Basically,  the  transonic 
tunnel  Mach  number  range  for  the  acoustic  data 
acquisition  tests  was  from  0.6  to  1.2. 

The  nominal  (100  percent)  tcsl  conditions 
for  each  configuration  were; 
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Mach  No. 

Dynamic  Pressure  (psf) 

0.6 

384 

0.7 

479 

0.8 

567 

0.9 

651 

1.0 

722 

1.1 

783 

1.2 

837 

1.3 

879 

1.4 

911 

These  figures  should  be  used  in  conjunction  with 
the  Mach  number  and  dynamic  pressure  values 
indicated  on  the  data  sheets  presented  below  to 
determine  actual  dynamic  pressures  experienced 
during  the  particular  tunnel  test. 


Model 

This  section  defines  the  pertinent  model 
parameters  with  those  of  the  full-acale  vehicle 
that  are  necessary  in  applying  the  data  contained 
herein.  The  model  was  a  sttng- mounted  aero- 
elastic  7  percent  geometrically  scaled  model  of 
the  booster  vehicle  and  various  payload  combi¬ 
nations.  Elastic  simulation  applied  for  the  all- 
metal  core,  the  SRM's,  and  up  to  but  excluding 
the  actual  payloads.  The  conical  payload  and 
the  SV-5  can  be  considered  rigid  because  in 
their  fabrication  only  the  mass  and  center  erf 
gravity  were  scaled.  The  model  was  designed 
to  simulate  the  free-free  bending  modes  in  both 
pitch  and  yaw  planes. 

Various  parameters  of  the  model  (m)  and 
the  full-scale  vehicle  (p)  are  indicated  below 
for  ready  reference: 

Scale  factor  n  =  0.07  =  m/p 

Length  Lm  =  nLp  =  0.07  Lp 

Strouhal  frequency  f m  =  (1/n)  f p 

Mach  number  M„,  =  Mp 

Pitch  angle  6m  =  f)p 

Dynamic  pressure  qm  =  qp 


Instrumentation 

The  transonic  wind-tunnei  microphone  data 
were  recorded  on  a  14-channel  Ampex  E.S.  100 
direct  record  magnetic  tape  recorder.  A  tape 
speed  of  15  ips  was  used  during  data  acquisition. 
A  maximum  of  10  model  714  Photocon  micro¬ 
phones  was  used  to  obtain  the  fluctuating 


pressure  data.  The  microphones  were  con¬ 
nected  by  60  ft  of  cable  to  Photocon  model  PS 
310  power  supplies  and  line  drivers  in  the  tun¬ 
nel  plenum  chamber.  Approximately  400  ft  of 
twisted  shielded  pair  cables  connected  the 
Photocon  power  supplies  to  the  tape  recorder. 


System  verification  checks  were  porfo/med 
prior  to,  during,  and  following  each  configura¬ 
tion  test  run  In  the  wind  tunnel.  Prior  to  and 
upon  completion  of  each  model  configuration 
tunnel  test,  the  microphones  and  associated 
instrumentation  systems  were  calibrated  by  the 
stimulus  method.  These  calibrations  were 
performed  using  a  1000- cps  acoustic  source  at 
SPL's  of  150  and  160  db.  A  system  frequency 
calibration  was  also  performed  prior  to  initia¬ 
tion  of  the  model  tests.  Each  microphone  chan¬ 
nel  was  frequency  calibrated  over  the  range  of 
50  to  31,500  Hz.  The  voltage  insertion  method 
was  used ,  with  the  input  applied  into  each 
microphone  in  place  of  the  diaphragm.  A  lin¬ 
earity  check  was  also  performed  by  stimulating 
each  microphone  at  three  given  input  SPL's,  all 
at  a  frequency  of  1000  Hz.  A  secondary  stand¬ 
ard  was  used  as  the  known  reference  source  to 
confirm  calibration  leveis. 


Vehicle  Configurations 

The  six  models  each  consisted  of  a  com¬ 
mon  three-body  (Titan  Dll  booster,  with  differ¬ 
ent  upper  stage  and  payload  configurations. 
Microphone  locations  are  shown  on  the  data 
sheets  beiow. 

The  configurations  are  defined  as  follows: 

1.  Configuration  31:  similar  to  that  used 
by  the  Titan  in  HST  launch  at  Cape  Kennedy; 

2.  Configuration  32:  Titan  HI  with  15-deg 
half-angle  conical  nose; 

3.  Configuration  41:  similar  to  that  used 
in  the  Titan  in  HST  launch  at  Cape  Kennedy, 
except  without  protuberances; 

4.  Configuration  34:  Titan  HI  with  two- 
man  SV-5  orbital  vehicle; 

5.  Configuration  36:  Titan  III  with  13-ft 
diam,  40-ft  cylinder  and  Apoilo  with  launch 
escape  system; 

6.  Configuration  36:  Titan  IH  with  13-ft 
diam,  20-ft  cylinder  and  Apoiio  with  launch 
escape  system. 
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(The  detailed  acoustic  data  for  configurations 
32,  41,  34,  and  36  are  contained  in  Ref.  [l]  and 
are  not  a  part  of  tnis  report.) 

Microphone  Locations 

All  microphones  were  flush  mounted  to 
within  t0.002  in.  of  the  model  surface.  Their 
locations  are  given  in  Table  1 ,  while  the  orien¬ 
tation  of  the  microphones,  for  use  in  applying 
the  data  in  Table  1 ,  is  indicated  in  Fig.  1 . 


Microphones  1  througn  6  are  at  the  same  loca¬ 
tions  for  all  configurations,  while  microphones 
7  through  10  vary. 

Figure  2  is  a  sketch  showing  the  approxi¬ 
mate  location  of  the  microphones;  however, 
Table  1  should  be  used  whenever  location  accu¬ 
racy  is  required.  Because  of  security  require¬ 
ments,  Table  1  must  be  used  in  conjunction  with 
Ref.  [l]  to  determine  specific  microphone  loca¬ 
tions  for  each  configuration. 


TABLE  1 

Microphone  Locations:  Full-Scale  and  Model  Stations 


— 

Microphone 

Number 

Model 

Station 

(In.) 

Configuration  and  Full-Scale  Stations  and  Orientations 

31 

32 

41 

36 

37 

. . . .  . . 

1 

24.4 

349.0" 

349.0" 

349  0" 

349.0" 

349.0" 

15.8° 

15.8° 

15.8° 

16.8° 

15.8° 

2 

24.4 

349.0" 

349.0" 

349.0" 

349.0” 

349.0" 

111.8° 

111.8° 

111.8° 

111.8° 

111.8° 

a 

20.4 

292.0” 

292.0" 

292.0” 

292.0" 

292.0" 

111.8° 

111.8° 

111.8° 

111.8° 

111.8° 

4 

18.3 

261.0" 

261.0’ 

261.0" 

261.0" 

261.0" 

111  '° 

111.8° 

111.8° 

111.8° 

111.8° 

5 

17.0 

242.0" 

242.0" 

242.0” 

242.0" 

242.0" 

15.8° 

15.8° 

15.8° 

15.8° 

15.8° 

6 

16.2 

231.0” 

231.0" 

231.0" 

231.0" 

231.0" 

111.8° 

111.8° 

111.8° 

111. 8° 

111  8° 

7 

12.2 

175.0” 

175.0" 

175.0" 

— 

_ 

91.7° 

91.7° 

91.7° 

- 

- 

8 

-14.1 

— 

-201.0" 

-201.0" 

_ 

- 

99.55° 

99.55° 

- 

- 

9 

-28.7 

-410.0" 

-410.0" 

-410.0" 

_ 

_ 

91.7° 

91.7° 

91.7° 

- 

- 

10 

-30.8 

-440.0" 

— 

_ 

_ 

— 

91.7° 

- 

— 

— 

Fig.  1.  Vehicle  orientation  for  locating 
microphones;  view  looking  toward  aft 
end  of  model 
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Fig.  Z.  Configuration 
3 1 .  similar  to  that  used 
in  the  Titan  III  HST 
launch  at  Cape  Kennedy 


DATA  REDUCTION 

An  Ampex  FR-600  magnetic  tape  recorder, 
set  at  15  ips.  was  used  to  reduce  the  data.  No 
speed  shift  occurred  during  the  data  playback. 
Data  reduction  involved  the  use  of  an  Ampex 
tape  loop  machine  and  a  Bruel  and  Kjaer  third- 
octave  spectrum  analyzer.  During  playback  the 
data  were  monitored  on  an  oscilloscope  and 
were  recorded  on  a  Consolidated  Electrody¬ 
namics  Corporation  type  5-119  oscillograph  to 
assist  in  verification  of  the  data.  During  actual 
reduction  of  the  data  on  the  spectrum  analyzer, 
a  150-Hz  high-pass  filter  was  used  to  filter  and 
remove  the  low-frequency  system  noise,  thereby 
maintaining  quality  data. 


Tolerance  cn  the  data  reduction  system 
was  ±1.0  db,  excluding  frequency  response  ef¬ 
fects.  Frequency  response  checks  indicate  that 
the  data  are  within  ±3.0  db  from  200-  to  approx¬ 
imately  4000  Hz.  Above  this  frequency  range, 
corrections  to  the  data  should  be  made  in  ac¬ 
cord  with  the  values  contained  »n  Table  2.  The 
overall  SPL's  were  also  determined  with  the 
spectrum  analyzer  in  the  "linear"  (no  filtering) 
mode. 


DATA  PRESENTATION 

To  assist  in  rapid  evaluation  of  the  data, 
the  overall  SPL's  for  four  of  the  six  configura¬ 
tions  and  tunnel  test  conditions  are  presented 
in  Tables  3  through  6.  These  overall  levels 
are  Identical  to  the  levels  indicated  in  the  upper 
right-hand  corner  of  each  plot  presented  below. 

The  reduced  microphone  data  of  configura¬ 
tion  31  is  presented  in  Figs.  3  through  8.  These 
plots  are  SPL's  in  decibels  (re.  0.0002  pbar) 
vs  one-third  octave  :  and  midfrequencies  (Hz). 

It  is  emphasized  that  all  acoustic  data  pre¬ 
sented  here  are  in  terms  of  scale-model  pa¬ 
rameters.  To  apply  the  data  to  full-scale  size, 
only  the  abscissa  (frequency  axis)  must  be 
modified;  i.e.,  multiply  the  abscissa  by  0.07. 


CONCLUSIONS 

The  maximum  overall  SPL's  measured  on 
configuration  31  occurred  on  microphone  6  at 
Mach  0.S5  and  at  an  angle  of  attack  of  1.0  deg. 
The  maximum  level  measured  on  the  configu¬ 
ration  31  payload  region  occurred  on  micro¬ 
phone  9  at  Mach  0.80  and  at  an  angle  of  attack 
i-f  0  deg.  The  dynamic  pressure  was  80  per¬ 
cent  of  nominal  in  the  first  case  and  100  per¬ 
cent  of  nominal  in  the  second  case.  The  over¬ 
all  levels  were  167.5  and  161.9  db,  respectively. 


A  cursory  analysis  of  the  full-scale  acous¬ 
tic  spectral  shapes  for  all  six  configurations 
indicates  that  a  majority  of  the  data  peaks  in 
the  35-  to  500-Hz  range.  This  conclusion  ap¬ 
pears  consistent  with  transonic  model  acoustic 
data  obtained  from  Refs.  [2 j ,  [3j,  and  [4j.  In 
addition,  the  peak  frequency  tends  to  increase 
with  increasing  Mach  number  for  a  majority  of 
the  spectrum  plots.  Additional  acoustic  data 
interpretation  applicable  to  this  report  is  in¬ 
cluded  in  Ref.  [1]. 
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Frequency  Response  Correction  Factors 
Model  Microphone  Frequency  Response 
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Continued) 


TABLE  2  (Cont.) 

Frequency  Response  Correction  Factors 
Model  Microphone  Frequency  Response 
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TABLE  4 

Oveiall  Sound  Pressure  Levels 
(in  decibels  re.  0.0002  jxbar):  Configuration 


Mach 

Number 


2 


q  (psf) 


Microphone 


5 


0.6 

148 

ri54 

0.7 

151 

154 

0.75 

151 

153.5 

0.8 

151 

153.5 

0.85 

151.5 

153 

0.9 

151.3 

153 

0.925 

151 

153 

0.95 

151.3 

152 

C.975 

150 

150 

1.0 

150 

149 

1.1 

148 

149 

1.2 

148 

149.5 

100  percent  of  nominal;  angle  of  attack 


149 

151 


q  (psf)  =  80  percent  of  nominal;  angle  of  attack  = 


0.7 

154 

155.5 

159 

151 

148.5 

153.5 

153 

warn 

158 

0.75 

154 

155.5 

159.5 

152 

148 

153.5 

154 

158 

0.8 

151 

153 

154.5 

151.5 

145 

154 

154 

na 

157 

0.85 

151 

153 

157 

152 

145 

154 

155.5 

157.5 

156.5 

0.9 

151 

153 

157 

153 

146.5 

155.5 

157.5 

158.5 

156.  F 

0.925 

151.5 

153 

159 

155 

147 

156.5 

159 

159 

158 

0.95 

152 

152 

159 

153 

147 

157 

158.5 

160 

156.5 

1.0 

150 

149 

158 

155.5 

148 

158 

158.5 

155 

156 

1.1 

150 

150 

158 

158 

148.5 

160 

160 

159 

157.5 

1.18 

146.5 

148 

157 

155.5 

148 

155.5 

162 

157.5 

157 

q  (psf)  =  80  percent  of  nominal;  angle  of  attack  =  1  deg 


0.8 

152 

153.5 

156.5 

152 

145.5 

154 

0.85 

152 

152.6 

158 

152.5 

145.5 

154 

0.9 

152 

153 

157.5 

153.5 

145.5 

155 

0.925 

152 

152.5 

157 

156 

148.5 

156 

0.95 

151.5 

153 

158 

155.5 

146.5 

156.5 

0.975 

150.5 

150 

157 

153.3 

146 

156.5 

1.0 

150 

148 

156.5 

153 

147 

157.5 

Questionable 


TABLE  5 

Overall  Sound  Pressure  Levels 
(In  decibels  re.  0.0002  pbar):  Configuration  36 


Mach 

Microphone 

Number 

1 

2 

3 

4 

5 

6 

_ 

7 

8 

9 

q  (pjf)  =  100  percent  of  nominal;  angle  of  attack  = 

0  deg 

0.6 

150 

162.5 

n 

_ 

— 

_ 

0.7 

153a 

155. 5a 

162a 

165. 5a 

mm 

157a 

_a 

__a 

0.8 

152 

1.64.5 

EM 

158 

— 

— 

— 

0.85 

152.5 

152.5 

161 

163 

BUS 

159.5 

- 

— 

— 

0.9 

147.5 

152.5 

160 

165 

163.5 

157 

— 

— 

— 

0.925 

149.5 

152.5 

160 

164.5 

163.5 

157 

— 

— 

0.95 

150 

152.5 

160 

165 

164.5 

157.5 

— 

— 

— 

0.975 

151 

152 

159.5 

165 

166 

158 

— 

— 

— 

1.0 

151 

152 

161 

166 

167.5 

159 

— 

— 

— 

1.1 

150 

153 

162 

165 

168.5 

161 

— 

— 

— 

1.2 

157 

155.5 

163 

166 

166 

160 

— 

— 

— 

q  (psf)  =  80  percent  of  nominal;  angle  of  attack  =  0  deg 

0.8 

m 

ra 

mm 

165.5 

165.5 

156 

_ 

_ 

_ 

0.85 

HI 

Eifl 

CHS 

164.5 

161 

156 

— 

— 

- 

0.9 

HH 

B&M 

164.5 

161 

155 

— 

— 

0.925 

E9 

BBS 

162 

161.5 

155 

— 

— 

— 

0.95 

156 

166 

155 

— 

— 

— 

0.975 

mm 

158 

165.5 

164 

156.5 

— 

— 

— 

1.0 

BIB 

159 

165 

166 

— 

- 

— 

1.1 

mm 

158.5 

165 

168 

160 

— 

— 

— 

q  (psf)  =  100  percent  of  nominal;  angle  of  attack  ■ 

1  deg 

0.8 

152.5 

iH 

161 

162.5 

163 

165 

_ 

— 

— 

0.85 

152.5 

mm 

160 

165 

163 

161.5 

— 

— 

0.9 

152.5 

152 

158 

163.5 

163 

159.5 

— 

— 

— 

0.925 

152 

153.5 

158 

163.5 

163 

160 

— 

— 

— 

0.95 

151.5 

151 

158 

164 

163.5 

161 

— 

— 

— 

0.975 

151 

150 

158.5 

163.5 

166.5 

161 

— 

— 

1.0 

150 

149 

158.5 

163.5 

166 

161 

— 

— 

— 

1.1 

153 

151 

160.5 

163.5 

167 

162 

— 

— 

— 

1.2 

156 

154 

165 

166.5 

161.7 

— 

— 

— 

q  (psf)  =  120  percent  of  nominal;  angle  of  attack  = 

0  deg  •' 

0.8 

152.5 

N/A 

161.5 

166 

165 

161 

_ 

_ 

0.85 

152 

N/A 

161.5 

166 

164 

161 

— 

— 

— 

0.9 

152 

N/A 

160 

165 

164 

160 

— 

— 

— 

0.925 

151 

N/A 

159 

164.5 

165 

160 

— 

— 

— 

0.95 

151 

159.5 

166.5 

166.5 

160 

— 

— 

— 

0.975 

150. 5b 

If 

159. 5b 

166b 

169. 5b 

160b 

_b 

_ b 

_b 

1.0 

151.5 

151 

160 

165 

170 

160.5 

— 

— 

— 

1.1 

152.5 

151.5 

162 

165 

171 

161 

- 

- 

- 

aq  (psf)  =  1  10  percent  of  nominal, 
bq  (psf)  =  160  percent  of  nominal. 
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TABLE  6 

Overall  Sound  Pressure  Levels 
(in  decibels  re.  0.0002  Mbar):  Configuration  37 


Mach 

1 

Microphone 

Number 

_  .  _  _ _ i 

1 

2 

J  i 

4 

5 

6  1 

7 

8  1 

9 

- 1 

q  (psf)  =  80  percent  of  nominal;  angle  of  attack  = 

0  deg 

0.8 

150 

_ 

161.5 

165 

159.5 

162 

_ 

_ 

0.85 

151 

— 

161.5 

165.5 

160.5 

162 

— 

— 

— 

0.9 

151 

— 

160 

168 

160.5 

161 

— 

— 

— 

0.925 

150.5 

— 

16C 

168 

161 

160.5 

— 

— 

— 

0.95 

150 

— 

160 

169 

162 

131 

— 

— 

— 

0.975 

149.5 

— 

159 

169.5 

163 

161 

— 

— 

— 

1.0 

150 

— 

160 

169.2 

164 

161 

— 

— 

— 

1.1 

150 

— 

161 

161 

167.5 

161 

— 

- 

— 

q  (psf)  =  100  percent  of  nominal;  angle  of  attack 

=  1  deg 

0.8 

149.5 

_ 

162 

166.5 

161.5 

164.5 

_ 

_ 

0.85 

151 

— 

161.5 

168 

162 

164 

— 

— 

— 

0.9 

150 

— 

160 

172 

162 

163.5 

— 

— 

— 

0.925 

151.5 

— 

159 

173 

163 

163.5 

— 

— 

— 

0.95 

152 

— 

159 

173.5 

164.5 

164 

— 

— 

— 

0.975 

152 

— 

159 

174.5 

166 

164 

— 

— 

— 

1.0 

150.5 

— 

159 

173 

167 

164.5 

— 

— 

— 

1.1 

152.5 

— 

161 

_ 

176 

_ 

168.5 

165 

— 

— 

_ _ 

q  (psf)  =  100  percent  of  nominal;  angle  of  attack 

=  0  deg 

WM 

150 

_ 

162 

162.5 

160 

164 

_ 

_ 

— 

■H 

154 

— 

164 

165 

163 

164 

— 

— 

— 

0.8 

150 

— 

163 

166.5 

164 

165 

— 

— 

— 

0.85 

150 

— 

162 

168 

163 

163 

— 

— 

— 

0.9 

152 

— 

161.5 

168 

162.5 

162 

— 

— 

— 

0.925 

151.5 

— 

161 

168 

163 

162 

— 

— 

- 

0.95 

151 

— 

161 

171 

163.5 

162 

— 

— 

— 

0.975 

150.5 

— 

160 

J7f 

166 

162.5 

— 

— 

— 

1.0 

150.5 

— 

160 

170 

167 

163 

— 

— 

— 

1.1 

152.5 

— 

162 

173.5 

170 

163 

— 

— 

— 

1.2 

151 

- 

161.5 

172 

168.5 

162 

— 

q  (psf)  =  120  percent  of  nomin.'ll;  angle  of  attack 

=  0  deg 

N/A 

N/A 

N/A 

N/A 

N/A 

„ 

_ 

N/A 

— 

N/A 

N/A 

N/A 

N/A 

— 

— 

— 

0.9 

N/A 

— 

N/A 

N/A 

N/A 

N/A 

— 

— 

— 

0.925 

153.5 

— 

160.5 

173.5 

165.5 

163 

— 

— 

— 

0.95 

153.5 

— 

160.5 

174 

167 

163 

— 

— 

— 

0.975 

152.5 

— 

160 

175 

168 

163 

— 

— 

— 

1.0 

152 

— 

161 

175.5 

169 

163 

— 

— 

— 

1.1 

153 

— 

162 

172.5 

170 

163 

— 

— 

— 

I 

1 

! 

hi 


Fig.  3(c).  Configuration  31  model  transonic  SPL's  at  microphones  1,  Z,  and  3 


Configuration  31  model  transonic  SPL's  at  microphones  4,  5,  and  fc 


Fig.  4(c).  Configuration  31  modi"!  transonic  SPL's  at  microphones  4,  5,  and  6 
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Fig  S{a).  Configuration  31  model  transonic  SPL's  at  microphones  7,  9,  and  10 


Fig.  5(b).  Configuration  31  model  transonic  SPL's  at  microphones 


Fi*;.  5(c).  Conl'iuur.ilHin  il  model  transonic  SPL's  at  microphones  7,  and 


Fig.  5(d).  Configuration  31  model  transonic  SPL's  at  microphones  7#  9,  and  10 


.  7(b).  Configuration  31  model  transonic  SPL's  at  microphones  4,  5,  and  6 
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Fig.  7(c).  Configuration  31  model  transonic  SPL’s  at  microphones  4,  5,  and  b 


Configuration  31  model  transonic  SPL's  at  microphones 
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